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ABSTRACT 
COMPARATIVE EVALUATION OF LABORATORY MOISTURE SUSCEPTIBILITY 
TESTS FOR ASPHALT MIXTURES IN NEW ENGLAND 
By 
Christopher DeCarlo 
  University of New Hampshire, May 2018 
Asphalt materials, a heterogeneous mixture of oil-based asphalt binder and aggregates, 
experience substantial amounts of environmental damage throughout their lives as surface layers 
in pavements.  One of the prominent forms of environmental damage, moisture-induced damage, 
is caused by the weakening of internal bonds of the material due to the presence of moisture in 
the voids of asphalt mixtures and is a common problem for asphalt pavements in wet climates 
such as New England. Moisture-induced damage is typically accounted for during asphalt 
mixture design by conducting performance tests to ensure the material is not susceptible to 
experiencing severe damage from moisture, although many of these methods have seen mixed 
amounts of success in New England. The main objective of this study is to evaluate the ability of 
multiple asphalt mixture moisture susceptibility tests to identify good and poor performing 
mixtures with respect to moisture-induced damage to replace current moisture testing 
requirements in New England. Ten plant-produced mixtures with varying designs and 
established good and poor in-situ moisture performance from the New England region were 
subjected to various moisture susceptibility test methods. The results from these procedures are 
assessed to evaluate loss of pavement service life due to the effects of moisture damage, and to 
determine which procedure is most effective and practical as a moisture susceptibility test for 
xii 
 
routine usage during asphalt mixture design for New England transportation agencies.  Results 
from this study suggest that moisture-induced damage can have a significant detrimental impact 
on pavement performance and service life and that the Hamburg wheel tracker test is the most 
effective and practical test method to reliably identify mixtures prone to experiencing significant 




CHAPTER 1: INTRODUCTION 
1.1 Research Background 
Over their service life, asphalt pavements experience significant amounts of deterioration 
and damage from external forces such as traffic loading and environmental conditions.  Over 
time, this damage will accumulate, leading to the formation of distresses in the pavement.  These 
distresses, such as rutting and cracking, pose challenges for transportation agencies as they 
compromise pavements from both a functional and safety perspective.  To counteract this, 
asphalt mixtures are designed to pass specifications that attempt to control the formation of 
distresses.  The focus of these specifications is on three primary distresses: rutting, fatigue 
cracking, and thermal cracking.  While these distresses certainly continue to present challenges 
for agencies maintaining their pavement infrastructure, they are generally well understood in 
terms of their formation mechanism and how to prevent them when designing asphalt mixtures 
and pavement structures.  On the other hand, there are many pavement distresses that are less 
understood.  One of these distresses, which is the focus of this thesis, is distress formation due to 
moisture-induced damage to asphalt mixtures. 
Moisture-induced damage, in its simplest sense, is when the integrity and durability of an 
asphalt mixture is reduced due to the presence of external moisture within the material.  The 
integrity of an asphalt mixture primarily comes from the adhesive interaction between the 
aggregate and binder phases of the material and the cohesive interaction within the binder phase 
itself.  The aggregates provide the skeleton that supports the material while the binder holds the 
aggregate skeleton in place.  Maintaining the strength of these internal bonds within the material 
is critical in insuring long term durability of asphalt mixtures.  When external moisture enters an 
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asphalt material through permeable voids that exist in the mixture, the moisture can begin to 
weaken these bonds.  This can happen through both chemical (reaction between water and 
aggregate surface and/or binder) or physical (pore pressure induced stresses on internal bonds) 
means, but a reduction in the internal bond strength is ultimately the result of this interaction 
between external moisture and the phases of the asphalt itself.  Once the internal bonds of the 
material have been weakened substantially, the formation of distresses will accelerate.   
  The first way moisture-induced damage increases the rate of distress formation is 
through the weakening of the material.  Weaker asphalt mixtures will strain more under traffic 
loading, leading to accelerated formation of ruts and cracks which can render an asphalt 
pavement unserviceable and unsafe.  The other way is through the process of stripping and 
raveling.  Stripping is typically the first to occur and is when binder de-bonds from the 
aggregates and is washed away, exposing the aggregate faces.  This is similar in appearance to 
when motor oil drips on asphalt in a parking lot, dissolving the binder and exposing the 
aggregate faces. Raveling, which typically follows stripping, occurs when the internal material 
bonds have been weakened enough so that the aggregates begin to dislodge from the material.  
This creates a coarse, rough surface that is both uncomfortable and potentially unserviceable for 
road users.  Areas of high raveling allow water to pool in the voids left by dislodged aggregate, 
which will both lower the safety of the roadway through reductions in surface friction as well as 
accelerate the rate of moisture-induced damage as water cannot easily drain off the surface.  If 
stripping and raveling becomes severe, it can require immediate road closure and costly 
replacement of the asphalt layer in which the damage is present.  An example of stripping and 
raveling in a pavement structure can be seen in Figure 1.  Moisture-induced damage and the 
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distresses it leads to is a significant and challenging problem for transportation agencies in wet 
climates, such as New England. 
 
Figure 1: Example of Stripping and Raveling in a Pavement (Image from pavementinteractive.org) 
Due to the complex nature of asphalt mixtures and the materials that make them up, 
moisture-induced damage can be a complex problem to understand.  Many factors of asphalt 
mixtures are known to contribute to how likely a mixture is to experience moisture-induced 
damage.  These factors include, but are not limited to, aggregate minerology, aggregate 
absorption and permeability, binder mechanical properties, binder chemical properties, the 
proportions at which the mixture is designed, the manner and quality of construction of the 
material, etc.  Also, factors outside of the mixture, such as the duration and temperature of 
moisture exposure as well as whether the moisture exposure is due to inundation or forced 
saturation, can have significant effects on the extent to which moisture-induced damage occurs.  
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All of these factors determine the extent to which an asphalt mixture is prone to experiencing 
moisture-induced damage, which is defined as the moisture susceptibility of the mixture. 
An example of differing levels of moisture susceptibility can be seen in Figure 2.  Two 
different asphalt mixtures with varying aggregate and binder properties are pictured on the left 
and right side of the image.  Each mixture is split into two specimens where the specimen on the 
right has been exposed to a moisture conditioning process, which simulates the stresses from 
external moisture in an accelerated manner.  The specimen of the left has not been exposed to 
any conditioning process.   When comparing the two mixtures, the differences are obvious.  The 
mixture on the left of the image has experienced significant amounts of change after exposure to 
moisture.  This is apparent as there are significant amounts of exposed aggregate faces on the 
specimen (showing where stripping has occurred) as well as evidence of permanent deformation 
as the conditioned specimen is elongated and irregular in shape.  In contrast, the mixture on the 
right has both maintained its appearance and shape after conditioning.  In this example, the 
material on the left would be considered moisture susceptible while the material on the right 
would not.  This distinct difference in performance between the two materials would have 
significant implications on the service lives of a pavement, especially if exposed to severe levels 




Figure 2: Example of Moisture Susceptible (Left) and Non-Moisture Susceptible (Right) Asphalt Mixtures 
(Image from pavementinteractive.org) 
While moisture susceptibility has been identified as a significant problem to be 
considered when designing asphalt mixtures, there are a number of preventative measures 
available to alleviate some of the effects of moisture damage.  These typically can be broken into 
two groups.  The first is where certain properties of the component materials are selected prior to 
the mixture being designed.  For example, when selecting the aggregates to be used in the 
design, emphasizing properties such as low porosity and absorption, rough and clean surfaces, 
and minerology that bonds strongly with most asphalt binders (limestones, for example) would 
all be expected to improve the moisture resistance of the mixture.  Unfortunately, options like 
this are not always possible as asphalt production plants often have limited sources of aggregates 
to choose from, making alternative aggregate selections expensive and impractical for routine 
usage.   
The other group of preventative measures is treating the asphalt mixture with materials 
designed to strengthen the internal bonds of the component materials.  These materials typically 
come in two forms.  The first is what is known as liquid anti-strip additives.  These additives, 
which are usually added to the asphalt binder before the mixture is produced, aim to both reduce 
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the surface tension of the binder, promoting increased coating of aggregates with binder, as well 
as changing the electrical charge of the binder so that it becomes opposite of that of the 
aggregate surface (which is typically negative).  This change in electric charge is achieved by the 
inclusion of amines in the anti-strip additive.  The second common preventative material is 
hydrated lime.  In concept, hydrated lime works similar to amine-based anti-strip additives in 
that their primary goal is to modify the electric charge of the component materials.  The 
difference is that hydrated lime aims to alter the surface charge of aggregates from negative to 
positive, allowing better bonding with asphalt binders (which tend to be negative).  Lime is 
usually added as a slurry or directly to moist aggregates as it requires moisture to activate.       
These preventative measures can be extremely useful in improving the moisture 
resistance of an asphalt mixture without excessively increasing costs or making the mixture 
impractical to produce.  With this in mind, it should also be understood that these treatments do 
not guarantee good performance in terms of moisture susceptibility.  While they typically will 
improve the performance, how much improvement is generally unknown and challenging to 
quantify.  Because of this, methods are needed to assess the moisture susceptibility of asphalt 
mixtures in a reliable and repeatable manner. 
While it is obvious that materials not prone to experiencing severe levels of moisture-
induced damage are preferred for pavement construction, predicting how moisture susceptible a 
mixture may be is challenging.  This is due to the previously mentioned complexity of asphalt 
mixtures where all of the components of the material as well as how those components interact 
with each other have an effect of the performance of the mixture.  Because of this complexity 
and challenge with predicting the moisture susceptibility of asphalt materials, the general 
consensus among the asphalt community is that the most reliable method to assess the moisture 
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susceptibility of a material is through performance testing.  The main advantage of performance 
testing, compared to mixture property requirements, is that it removes much of the complexity of 
assessing moisture susceptibility by directly testing the material.  Regardless of the properties of 
the components of the mixture, as long as the material can pass certain requirements deemed 
acceptable of the performance test, the mixture is expected to perform well in the field.  In the 
context of performance testing to assess the potential impacts of moisture-induced damage on 
asphalt materials, these tests are known as moisture susceptibility test methods.   
Historically, a number of visual rating-based testing procedures have been used for testing 
moisture susceptibility on loose (uncompacted) mixes. These include the boiling water test (ASTM 
D3625), the Texas boiling water test (Kennedy et al. 1984), the static immersion test (previously 
AASHTO T-182, now removed), and the rolling bottle test (European standard EN 12697-11).  
The concept behind these visual-based test methods is that the material is subjected to some form 
of accelerated, simulative conditioning and the determination of moisture susceptibility is made 
based off of visual changes in the material.  While these methods provided a basis to assess the 
moisture susceptibility of asphalt mixtures, tests on loose mixes have been criticized for three main 
reasons. First, the use of subjective visual evaluations in these methods often times increases 
variability and lowers consistency in multi-operator settings. Second, while these tests might be 
able to distinguish moisture susceptibility in terms of component materials (aggregates and affinity 
between aggregate and binder), the tests do not assess moisture-induced damage in compacted 
asphalt mixtures. This limits the ability of these tests to reliably predict pavement performance 
impacts and does not take into account variations between mix designs and in-place densities of 
mixtures. Finally, the tests on loose mixes usually focus only on the moisture-induced adhesive 
failures without considering cohesive failure within asphalt mastic. 
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As an improvement to visual-based loose mixture tests, laboratory moisture susceptibility 
tests on compacted asphalt specimens became the preferred method to evaluate a material’s 
moisture susceptibility during mixture design. Generally, these laboratory tests can be divided into 
two categories. The first approach is where the specimens are divided into control and moisture 
conditioned groups, both groups are tested to measure a mechanical response of the material, and 
the results are compared to determine moisture susceptibility of the mixture. Examples of this first 
approach include the modified Lottman procedure, moisture induced stress tester conditioning 
followed by dynamic modulus and direct tension cyclic fatigue test using asphalt mixture 
performance tester, and repeated freeze-thaw conditioning followed by creep, strength and fracture 
energy testing. The second approach is where moisture conditioning and testing for material 
property occurs simultaneously. A commonly adopted test in this category is Hamburg wheel 
tracking test (AASHTO T-324).  These methods are described in more detail in subsequent 
sections of this thesis. 
While laboratory moisture susceptibility testing has been used with success in the past, 
many of the current methods have been widely criticized recently.  In the United Sates, the majority 
of state transportation agencies require the use of AASHTO T-283, described in detail in Chapter 
2, to assess the moisture susceptibility of asphalt mixtures.  This method, more than others, has 
received substantial amounts of criticism relating to its ability to reliably predict field performance.  
This lack of reliability has led many agencies to investigate alternate testing methods as well as 
drop the moisture susceptibility requirements all together in some instances.  This, however, is 
only a temporary solution as moisture-induced damage is not a problem that is going away, 
especially considering the uncertainty of the future with new materials, new construction methods, 
and an ever-changing climate.  Ultimately, an effective laboratory moisture susceptibility test 
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method is needed to reliably, accurately, and repeatedly identify susceptible mixtures during the 




1.2 Motivation and Objectives of Research 
This research was conducted as part of NETC 15-3: Moisture Susceptibility Testing for 
Hot Mix Asphalt Pavements in New England.  This study was focused on the evaluation of the 
reliability, accuracy, and practicality of various moisture susceptibility testing methods for the 
six New England states. 
 Table 1 shows the current moisture susceptibility tests required during asphalt mixture 
design for the six New England state agencies per state agency construction specifications.  The 
testing requirements shown in Table 1 suggest that the New England region has similar 
tendencies as compared to the United States in general.  Five out of the six states require some 
form of moisture susceptibility testing requirement.  Out of those five, four states specify the use 
of AASHO T-283.   






Required Procedure Reported Procedure 
Connecticut Yes AASHTO T-283 AASHTO T-283 










Yes AASHTO T-283 AASHTO T-283 
Rhode Island No N.A. N.A. 
Vermont Yes AASHTO T-283 AASHTO T-283 
  
Interestingly, some of the agencies report using procedures that are not the same as what 
is specified in their state specification.  For example, MaineDOT specifies the use of AASHTO T-
283 in their state specification, but the reality of practice is that they do not require moisture 
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susceptibility testing on all asphalt mixtures constructed in the state.  In select cases, such as 
interstate highways, MaineDOT will perform Hamburg wheel tracking tests as a check to ensure 
the mix does not fail prematurely from moisture-induced damage.  The reason reported for this is 
that MaineDOT engineers have lost confidence in the ability of AASHTO T-283 to reliably predict 
whether a material is moisture susceptible or not. 
This lack of confidence in current moisture susceptibility test methods is rooted in a series 
of pavement performance issues that recently occurred in the region.  Over the last few years, a 
number of agencies in New England experienced severe raveling failures on multiple roadways 
less than a year after construction.  The raveling damage was so severe in some cases that it 
required removal of the entire layer followed by the construction of another brand new layer.  The 
root of the problem with these failures was that the mixtures that failed all passed the agency 
moisture susceptibility testing requirements, which in this case were AASHTO T-283 
requirements.  This led agencies to begin laying the groundwork to perform thorough 
investigations of other moisture susceptibility tests methods available which may be a better 
predictor of performance for mixtures in New England.  Eventually, this led to the beginning of 
the NETC 15-3 project, which is the basis of the research outlined in this thesis. 
Considering the primary goal of finding a suitable replacement for current moisture 
susceptibility test requirements in New England, a series of objectives were established for this 
research.  These are listed below. 
 The primary goal of this study was to evaluate and compare a series of moisture 
susceptibility test methods in terms of their ability to be a reliable and repeatable 
test for routine use in asphalt mixture design in New England.  This comparison 
between methods was on the basis of the test’s ability to distinguish materials that 
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have had historically good and poor field performance in terms of moisture 
resistance in the New England region.  This comparison also considered the 
practicality and other non-results based factors associated with the various tests. 
 A secondary goal of this research is to evaluate various moisture susceptibility tests 
ability to distinguish the performance of mixtures with and without treatments to 
improve moisture resistance.  The use of treatments is common in New England, 
but there is little understanding as to how much of an effect these treatments have 
on the expected performance of the material in a quantitative manner.  This study 
will look at the difference in results from mixtures with and without treatments and 
assess the performance implications of those differences in results. 
 Another secondary goal of this research is to assess the loss of performance and 
service life in pavements due to the effects of moisture-induced damage.  This will 
be done using laboratory measured material properties and pavement analysis 
schemes.  This will provide a more quantitative understanding of the performance 
implications of using mixtures with varying degrees of moisture susceptibility 





CHAPTER 2: MATERIALS AND METHODOLOGY 
2.1 Research Materials  
To fulfill the objectives of this study, a series of asphalt mixtures produced and 
constructed in the New England region were selected for evaluation.  These mixtures were 
chosen based off of feedback from a survey taken by the six New England state transportation 
departments as a part of the NETC 15-3 study concerning their experience with moisture 
susceptibility.  The focus of this survey was for the agencies to identify mixtures that had been 
constructed in their state that had either performed well or poorly in the past with respect to 
moisture susceptibility.  In addition to this, a secondary goal was to capture a wide range of 
properties within the selected mixtures.  The wide variety of mixture properties was intended to 
reflect the diverse range of asphalt mixtures produced in the New England region during any 
given construction season. 
On the basis of responses and recommendation from the surveys, a total of ten mixtures 
were chosen for evaluation.  Of these ten mixtures, three were identified as being historically 
good performing, two were considered poor to moderate, and five were considered to have poor 
historic performance.  While most of the region was represented as mixtures were selected from 
four of the six New England states, the majority of the mixtures came from the northern regions 
of the region.  Out of the ten total mixtures, five were selected from Maine, three from Vermont, 
one from New Hampshire, and one from Connecticut.  Figure 3 shows the locations of the plants 
from which the mixtures were selected, where blue points represent good mixtures and red points 




Figure 3: Study Mixture Production Locations (blue = good performers; red: poor performers) 
Table 2 shows an overview of select properties of the ten selected mixtures.  As can be 
seen in the table, the mixtures selected have a wide variety of properties such as aggregate type, 
asphalt binder grades, additive usage, etc.  The table also includes the historic performance, as 





Table 2: General Properties of Study Mixtures 


















MEP3 Poland, ME Poor Granite 64-28 No additive 12.5 
MEP4 Hermon, ME Poor Sandstone/Limestone 64-28 No additive 12.5 
MEG1 Wells, ME Good Diorite 64-28 No additive 12.5 




VTP22 Colchester, VT Poor Granite 58-28 No Additive 9.5 
VTG1 Rutland, VT Good Dolomite 70-28 WMA Additive 12.5 





NHG1 Concord, NH Good Granite 64-28 No Additive 12.5 
1,2 Indicates that mixtures are produced at the same plant, have the same volumetric properties, and the same gradations. 
While the goal of selecting these mixtures was to have a wide variety of properties, a few 
were kept constant for all of the mixtures.  The first is that all of the selected mixtures were 
constructed as surface layers.  The primary reason for this is all of the materials that the New 
England agencies had recent moisture failures with were surface mixtures.  In addition, surface 
mixtures are more prone to moisture induced damage due to greater exposure to precipitation, 
inundation, and traffic-induced stresses.  Since the issues with these mixtures directly led to this 
study, focus was placed on this group of mixtures.  Another commonality of the ten mixtures was 
that they were all produced as hot mix asphalt.  While some of the mixtures used warm mix 
additives, these were only used as compaction aides as production and compaction temperatures 
were within normal ranges for hot mixtures.  Table 3 contains general production information for 
the ten mixtures.  
16 
 
Table 3: General Mixture Production Information 









MEP1 Presque Isle, ME 7/24/2017 Batch 154 +/- 10 144 +/- 5 
MEP2 Presque Isle, ME 9/9/2017 Batch 154 +/- 10 144 +/- 5 
MEP3 Poland, ME 6/8/2017 Drum 155 +/- 10 145 +/- 5 
MEP4 Hermon, ME 6/21/2017 Batch 154 +/- 10 144 +/- 5 
MEG1 Wells, ME 6/26/2017 Drum 155 +/- 10 145 +/- 5 
VTP1 Colchester, VT 5/24/2017 Drum 140 +/- 20 120 +/- 5 
VTP2 Colchester, VT 5/24/2017 Drum 140 +/- 20 120 +/- 5 
VTG1 Rutland, VT 5/24/2017 Batch 171 +/- 11 152 +/- 5 
CTP1 Southbury, CT 7/20/2017 Batch 155 +/- 10 145 +/- 5 
NHG1 Concord, NH 10/3/2017 Drum Not Available Not Available 
 
One of the common and accepted reasons for moisture-induced damage in asphalt 
mixtures is a loss of adhesion between the binder/mastic and the aggregate phases of the 
material.  Naturally, it can be expected that the properties of the two phases and how they bond 
together will have an effect on moisture susceptibility.  As can be seen in Table 2, the selected 
mixtures have a mix of these two properties.  In terms of aggregate types, most of the study 
mixtures primarily contain granitic aggregates while a few others contain dolomite, limestones, 
and diorites.  The abundance of granitic mixtures is not surprising considering the wide-spread 
availability of it in the New England region.  Ideally, a more even distribution of aggregate types 
would have been used, but practical limitations prevented this.  Regardless, the chosen mixtures 
contain good and poor performers with aggregates that are typically considered good (limestone 
and dolomites) and poor aggregates (granite) for moisture susceptibility. 
Similar to aggregates, the mixtures chosen for this study show a reasonable range of 
asphalt binder properties.  In terms of Superpave performance grade, a majority of the mixtures 
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in the study use PG 64-28 binders.  In addition, two of the mixtures use PG 58-28 binders, one 
contains a PG 70-28 (the 70 high PG grade is intended to improve performance under heavy 
traffic, not for climate conditions), and one mixture from southern New England contains a PG 
64-22 binder.  This distribution of binder grades is relatively typical for New England as it is rare 
to see high grades warmer than 64 or colder than 58 and low grades colder than -28 or warmer 
than -22.   
Table 4 shows some of design properties for the study mixtures.  Most of the volumetric 
properties are similar for all of the mixtures as all of these are surface mixtures.  The only 
significant difference between the mixtures in terms of mix design is the design gyration level, 
which is mostly a function of expected traffic levels.  The gradations of the mixes are also 
similar to each other, and individual mix designs containing percent passing values as well as a 





























MEP1 5.9 Not Available Not Available 2.485 2.386 50 
MEP2 5.9 Not Available Not Available 2.485 2.386 50 
MEP3 5.7 15.0 75 2.465 2.366 75 
MEP4 5.6 Not Available Not Available 2.475 2.376 50 
MEG1 5.8 Not Available Not Available 2.460 2.362 50 
VTP1 6.0 16.5 76 2.452 2.354 50 
VTP2 6.0 16.5 76 2.452 2.354 50 
VTG1 4.9 15.5 74 2.553 2.451 80 
CTP1 5.0 15.5 72 2.628 2.515 50 
NHG1 5.7 Not Available Not Available 2.465 2.366 75 
 
A common practice to improve an asphalt mixture’s resistance to moisture damage is to 
add treatments or chemical anti-strip additives.  In the survey conducted for this study, most of 
the New England Agencies indicated that their specifications allow the use of both hydrated lime 
and liquid anti-strip additives, although their experience suggests that most producers choose to 
use the liquid additives.  As can be seen in Table 2, three different mixtures containing anti-strip 
additives were chosen for the study.  Two of these mixtures, MEP2 and VTP1, were able to be 
produced both with and without anti-strip additives, allowing the effect of those additives to be 
directly analyzed.  Out of the three mixtures with anti-strip additives, two of them use a 
traditional amine-based anti-strip additive while one uses a hybrid warm mix/anti-strip additive.  




Table 5: Mixture Anti-Strip Additive Information 
Mix Name Additive Used? Trade Name Description Dosage 
MEP11 No - - - 
MEP21 Yes Novagrip® 1212 Amine-Based Anti-Strip Additive 0.5% by Weight of Binder 
MEP3 No - - - 
MEP4 No - - - 
MEG1 No - - - 
VTP12 Yes Rediset® Hybrid Warm Mix/Anti-Strip Additive 0.5% by Weight of Binder 
VTP22 No - - - 
VTG1 No - - - 
CTP1 Yes AD-here® 62-40 Amine-Based Anti-Strip Additive 1% by Weight of Binder 
NHG1 No - - - 




2.2 Specimen Production 
All of the materials from this study were sampled as loose mix from the production 
plants.  The loose mix was placed in metal buckets where it was cooled and brought back to the 
laboratory for testing.  To produce testing specimens, the loose mixture buckets were re-heated 
following a protocol originally developed by North Carolina State University.  This protocol, 
which lowers the amount of aging the material experiences compared to conventional reheating 
methods, begins by heating the mixture bucket to a temperature of 10°C below the mixing 
temperature.  After one hour at this temperature, the bucket lid is removed.  After an additional 
hour, the mixture is removed from the oven and sorted into pans.  The weight placed in each pan 
depends on what type of specimen is being produced, but it is typically around 7000g.  Once 
separated, the mixture pans are placed back into the oven which is set to the mixture’s 
compaction temperature.  After an hour at this temperature, the mixture has been sufficiently 
heated and is ready for compaction. 
 Once the material is ready for compaction, the pans are removed from the oven and 
placed into preheated 150mm diameter steel molds.  The amount placed into the mold depends 
on the density of the material and the specimens being produced, but the goal is to compact a 
specimen with 7 +/- 0.5% air voids.  The mixture-filled molds are then placed into a Superpave 
gyratory compactor, seen in Figure 4, and compacted to a specific height (which depends on the 
specimens being produced).  Once compacted and sufficiently cooled so they do not break apart, 





Figure 4: Superpave Gyratory Compactor 
 After the compacted specimens have been cooled, the air voids of each specimen are 
measured.  In this study, the aim was to have all of the specimens at 7 +/- 0.5% air voids in their 
final testing geometry.  For some of the tests, the compacted specimen is already in the correct 
test geometry, so the voids are measured directly after cooling.  For others, the compacted 
specimen is not the correct testing geometry so various saws and core drills are used to modify 
the specimen to the correct geometry.  Once the correct geometry is achieved, the air voids are 
measured using an InstroTek Corelok device, pictured in Figure 5 and specified by ASTM 
D6752.  Specimens that measure within the specified air void range are kept and sealed in plastic 








2.3 Moisture Susceptibility Methodology 
Laboratory asphalt mixture moisture susceptibility evaluation methods typically combine 
some form of moisture conditioning with a mechanical test method.  The concept is to measure 
the mechanical properties of the material before and after the moisture conditioning to observe 
the changes conditioning brings about.  The first subsection of this section will describe the 
various mechanical test methods used in this study.  The second subsection will describe the 
conditioning methods used, and the last subsection will detail which conditioning and testing 
combinations were used in the study. 
2.3.1 Mechanical Testing  
Indirect Tensile Strength 
 The indirect tensile strength test (ITS) is a quick and simple method that can be used to 
measure the tensile strength of a material.  Due to the challenges associated with conducting a 
direct tension test on asphalt materials, it is far easier to measure tensile strength in an indirect 
manner.  This is done by diametrically loading a cylindrical specimen (150 mm in diameter, 95 
mm in height) placed on its side at a rate of 50 mm per minute at room temperature.  This 
compressive loading causes tensile stresses along the diameter of the specimen due to Poisson’s 
effect, eventually leading to tensile splitting failure perpendicular to the loading direction.  The 
peak load withstood by the specimen is recorded, and the strength of the material can be 










St = Indirect Tensile Strength 
P = Maximum Recorded Force 
D = Specimen Diameter 
L = Specimen Height 
ITS was first proposed as a moisture susceptibility test by Lottman (1978).  Since then, 
ITS has been used extensively as a moisture susceptibility evaluation tool as it is a part of 
AASHTO T-283, which a majority of US state transportation agencies use as their standard test 
for evaluating moisture susceptibility (Dave and Koktan 2011).  Similar to most moisture 
susceptibility methods, the material strength is measured before and after conditioning, resulting 
in a tensile strength ratio (TSR) as seen in Equation 2.  TSR is usually used as a pass/fail 
parameter (for example, a TSR above 0.80 passes while a TSR below this is rejected) where high 
values of TSR are considered good and lower values are considered poor in terms of moisture 
susceptibility. 





Although ITS has been a very popular method for determine moisture susceptibility, it 
has received criticism from a number of sources.  Some examples are that the test is non-
25 
 
fundamental in nature (Kringos et al. 2011), poor relationships between results and field 
conditions (Solaimanian et al. 2003), potential shear failures due to soft binders at room 
temperature, not be able to capture moisture damage seen from actions of traffic (Epps et al. 
2000; Mallick et al. 2003; Pinkham et al. 2013) or in regions of colder climates (Dave and Baker 
2013) and the potential for false positive or false negative results (Solaimanian and Kennedy 
2000). 
ITS testing for this study was carried on an Instron servo-hydraulic load frame.  The 
fixture used to conduct the test is shown in Figure 6.   
 





Dynamic modulus testing is used to characterize the linear viscoelastic properties of a 
material.  In simple terms, dynamic modulus is the ratio of stress to strain under oscillatory 
loading conditions.  This represents the stiffness of the material and is a fundamental property 
that can be used to predict stresses and strains under any loading condition. 
Dynamic modulus testing was conducted on an Asphalt Mixture Performance Tester 
(AMPT) manufactured by IPC Global.  The AMPT, seen in Figure 7, is a self-contained servo-
hydraulic load frame designed to test asphalt mixtures at different temperatures and loading 
frequencies.  The dynamic modulus test was run in accordance with AASHTO T-342. 
 
Figure 7: Dynamic Modulus Specimen (Left), AMPT Device (Right) 
The dynamic modulus test on the AMPT is conducted on 150mm tall cylindrical asphalt 
specimens with a diameter of 100mm.  Before testing, three sets of brackets are attached (using 
epoxy) to the specimen length wise, separated by 120 degrees.  These brackets are used to mount 
linear variable differential transformers (LVDTs) which are used to measure the on specimen 
strain.  A dynamic modulus specimen with brackets can be seen in Figure 7.  Once properly 
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prepared, the specimen is placed into the AMPT’s conditioning chamber where sufficient time is 
allowed to pass until the temperature of the specimen comes to equilibrium with that of the 
chamber.  On the AMPT, dynamic modulus tests are conducted at temperatures of 37.8, 21.1, 
and 4.4 °C (100, 70, and 40 °F).  The specimen is then loaded sinusoidally in compression at 
loading frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz.  The specimen is then tested at additional 
temperatures until all of the desired temperatures have been completed. 
Typical dynamic modulus raw data from the AMPT can be seen in Figure 8.  
 
Figure 8: Raw Data from a Dynamic Modulus Test 
 To calculate dynamic modulus, both the stress and strain signals are fit with a sinusoidal 
function.  Once fit, the dynamic modulus can be calculated by finding the ratio between the 
amplitude of the two fitted curves as seen in Equation 3.  
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Another property calculated from dynamic modulus results is the phase angle.  Phase 
angle represents the time lag between applied stress and the resulting strain reponse.  A phase 
angle of 0° would occur when there is zero phase lag (stress and strain occur simultaneously), 
meaning the material is behaving purely elastic.  On the other hand, a phase angle of 90° occurs 
when the stress and strain are out of phase, meaning the material is behaving purely viscous.  
The phase angle can be calculated from raw dynamic modulus data using Equation 4. 
𝛿 = 360 ∗ 𝑡 ∗ 𝜔 
Equation 4 
Where 
δ = Phase Angle 
t = Time Lag between Stress and Strain Peaks 
ω = Loading Frequency in Hz 
 Dynamic modulus and phase angle values are calculated at each temperature and 
frequency (for a total of 18 points for each specimen) using a data analysis code.  Using the 
calculated points, dynamic modulus and phase angle master curves can be constructed for each 
material.  Master curves are built on the concept that asphalt mixtures are a thermorheologically 
simple material, meaning that the time-temperature superposition principle is valid.  The time 
temperature superposition principle relates the effects of time and temperature on the mechanical 
properties of viscoelastic materials.  In simple terms, this means that the effects of time and 
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temperature can be approximately equated, allowing all of the test data to be shifted to one time 
or temperature (known as a reference time or temperature).  This allows asphalt material’s linear 
viscoelastic properties to be predicted for time and temperatures far outside of the capabilities of 
conventional testing equipment (such as extremely high testing frequencies).  For asphalt 
materials, master curves are usually constructed by shifting all of the test data to a reference 
temperature of 21.1 °C.  A simplified version of master curve construction, which acts as a visual 
aid of the application of time-temperature superposition principle, can be seen in Figure 9.  
Master curves allow material properties to be directly compared in a clean, simple manner. 
 
Figure 9: Dynamic Modulus Master Curve Construction Using the Time-Temperature Superposition 
Principle 
In general, dynamic modulus has not been a common method to assess the moisture 
susceptibility of asphalt mixtures.  Some reasons for this are that producing specimens for the 
test can be equipment intensive and time consuming, AMPTs are more expensive and more 
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complicated than traditional load frames, and the test requires a certain degree of technical 
expertise to run and analyze the results.  In the few instances where dynamic modulus has been 
used as a moisture susceptibility test method, the focus has been in the reduction in dynamic 
modulus when comparing conditioned specimens to unconditioned specimens, referred to as an 
E* stiffness ratio (Nadkarni et al. 2009).  Generally, dynamic modulus results have been able to 
consistently distinguish between materials with varying levels of moisture susceptibility, this 
effect being most prevalent at high testing temperatures and low frequencies (Williams and 
Breakah, 2010).  The main advantage of measuring dynamic modulus is that while a simple 
index based ratio approach can be used to evaluate moisture susceptibility, it is also a 
fundamental property which can be applied in a pavement analysis system. 
One of the more popular pavement analysis systems, AASHTO PavementME, allows 
dynamic modulus data to be used as the primary material property input for the asphalt layers in 
the pavement.  AASHTO PavementME is a mechanistic-empirical pavement analysis software 
that predicts distress levels in a pavement over its design life.  These distresses include rutting, 
bottom up fatigue cracking, and thermal cracking.  In addition to these distresses, PavementME 
also predicts the roughness of the road using the International Roughness Index (IRI).  IRI is a 
value that quantifies and normalizes all of the degradation and deformations in a pavement over 
a standard length (typically a mile or kilometer).  The advantage of using such an analysis 
system is that it allows the designer to predict the reduction in service of life and life cycle cost 
impacts of a pavement that has experienced moisture damage.  These predictions, which are all 
calculated in a risk-based fashion, allow a quantitative analysis of the effects of using moisture 
susceptible materials compared to a simplistic pass/fail screening test.  
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In this study, dynamic modulus tests were performed on both moisture conditioned and 
unconditioned materials.  The results of interest are the change in dynamic modulus and phase 
angle after a material has undergone moisture conditioning, allowing the consequent change in 
stiffness and material behavior to be quantified.  Dynamic modulus and phase angle master 
curves were constructed as well as calculating dynamic modulus ratios and changes in phase 
angles to analyze the moisture conditioned materials.  Dynamic modulus results were also used 
in conjunction with Pavement ME simulations to predict changes in pavement service life due to 
moisture damage for a wide range of materials. 
Disk-Shaped Compact Tension Test  
The disk-shaped compact tension test (DCT), specified in ASTM D7313, is one of many 
laboratory tests recently developed which focus on the evaluation of the cracking resistance of 
asphalt mixtures.  The DCT test, originally proposed by Wagoner et al (2005), is fracture 
mechanics-based test focused on the evaluation of low temperature cracking.  The test is 
performed on a 150mm diameter, 50mm tall asphalt specimen as shown in Figure 10 in a 
controlled, low temperature environment.  Tensile forces are applied to the two pre-drilled 
loading holes so that the crack mouth is opening at a constant rate of 1mm/min until the 
specimen fully fractures.  During the test, both the load and crack mouth opening displacement 
(CMOD) are monitored and recorded.  These two values can be plotted against each other to 




Figure 10: DCT Test Specimen 
 
 
















Crack Mouth Opening Displacement (mm)
Area Under Curve = Fracture Work 
33 
 
The main property evaluated from DCT test data is fracture energy.  Fracture energy is a 
measure of how much energy a material can withstand until experiencing a complete fracture 
over a unit area, which is typically expressed in J/m2.  Fracture energy is calculated by 
determining the area under the load-CMOD curve by integration of a fitted function or the 
trapezoid method.  The area represents the work of fracture, Wf.  The work of fracture is then 
divided by the area fracture surface of the specimen, which is the fracture ligament length 
multiplied by the height of the specimen, to calculate fracture energy.  This can be seen in 
Equation 5.   






Gf = Fracture Energy 
Wf = Work of Fracture 
t = Specimen Thickness 
a = Specimen ligament length 
Historically, the DCT test has seen limited use as a moisture susceptibility test, first being 
used by Apeagyei et al. (2006).  In the cases where it has, the test was paired with moisture 
conditioning as used in AASHTO T-283 or a simulative cyclic freeze-thaw conditioning 
procedure (Baker 2012; Dave and Baker 2013 and 2015).  The focus was looking at the change 
in fracture energy after the material had undergone either form of conditioning.  One of the 
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advantages of using fracture tests to evaluate moisture susceptibility is their ability to better 
capture the fundamental mechanisms of moisture-induced damage.  
In this study, DCT testing was completed using a fixture in an environmentally controlled 
MTS servo-hydraulic load frame as pictured in Figure 12.  All testing was performed at a 
temperature of -18°C.   
 
Figure 12: DCT Test Setup on Hydraulic Load Frame 
Hamburg Wheel Tracker 
The Hamburg wheel tracking device (HWTD) was originally developed in Germany as a 
tool to assess the rutting resistance of asphalt mixtures.  Eventually, the test was conducted with 
the specimens submerged in water to control temperatures instead of an air controlled 
environmental chamber.  This led to observations being made that certain mixtures began 
experiencing damage related to moisture rather than only rut deformation.  Since then, the 
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HWTD has gained popularity as a test to evaluate moisture susceptibility and remains common 
to this day. 
The HWTD, per specifications in AASHTO T-324, is conducted by preparing four 
cylindrical asphalt specimens with a diameter of 150mm and height of 62.5mm and arranging 
them in a plastic mold as seen in Figure 13.   
 
Figure 13: Hamburg Wheel Tracker Specimen Mold (Image from pavementinteractive.org) 
 The test, carried out in a device such as the one shown in Figure 14, is conducted by 
placing 158lb steel wheels onto the material surface.  The wheels are then moved back and forth 
over the surface or a specified number of passes.  A LVDT attached to the frame carrying the 
steel wheels is constantly recording the accumulated rut depth during the test.  Once the test has 
been completed (typically 20,000 wheel passes), a curve showing the accumulated rut depth 
versus the number of passes is constructed. A typical curve, shown in Figure 14, will begin with 
a short consolidation phase where the material is still being compacted and consolidated.  After 
this, the test transitions into a creep phase where the material experiences steady viscoplastic 
deformation.  Eventually, the material will begin to experience moisture-induced damage which 
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results in a significant increase in the rate of rut depth accumulation.  This section, the stripping 
phase, is what allows the moisture susceptibility of the material to be evaluated as it is assumed 
that the damage during this phase can be attributed to the presence of moisture. 
 
Figure 14: Hamburg Wheel Tracking Device (Left) with Typical Results (Right) (Image from 
pavementinteractive.org) 
The two most common parameters measured from Hamburg results are the measured 
final rut depth and the stripping inflection point.  The final rut depth is the measured rut depth 
after 20,000 wheel passes have occurred.  Sometimes, this rut depth will occur earlier as the 
specimen will rut more than the machine limits allow (such as 20.0mm), causing the test to end 
earlier than the typical 20,000 passes. Looking at Figure 14, the final rut depth value occurs at 
the end of the red line. 
Stripping inflection point (SIP), labeled as Stripping Point in Figure 14, is calculated by 
first finding the stripping slope and creep slope lines.  These lines are both parallel and tangent to 
the creep (steady, controlled deformation) and stripping (increased deformation rate after creep) 
phases of the Hamburg test.  SIP is calculated by finding the number of passes at which the creep 
slope and stripping slope lines intersect.  The concept behind the SIP is it takes into account both 
how quickly stripping damage begins to occur as well as how quickly the stripping damage 
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accumulates once it has begun.  Asphalt mixtures with higher SIP and lower final rut depth 
values are considered to be more resistant to moisture-induced damage as compared to mixtures 
with lower values. 
The HWTD was first introduced to the United States in the 90’s and has since gained 
popularity as a moisture-susceptibility test method with much success (Aschenbrener 1995).  For 
example, Izzo and Tahmoressi compared six asphalt mixtures with and without anti-stripping 
additives and showed that the test is able to distinguish between the mixtures with and without 
additives (1999).  Also, an evaluation of asphalt mixtures from 16 field projects through a range 
of moisture susceptibility tests was conducted by Schram and Williams (2012). The results from 
that study showed HWT measured parameters to have good correlation with stripping 
performance in the field. Recently, the NCHRP 9-48 study employed the HWT for assessing 
moisture susceptibility of various warm-mix technologies (Martin et al. 2014). The study 
recommended use of HWT (as an alternative to AASHTO T-283) for moisture susceptibility 
testing and provided thresholds for stripping inflection point and stripping slope that can be used 
in the quality assurance (QA) process.  While there are many approaches to evaluating moisture 
susceptibility with the HWTD, generally the SIP is used as a pass/fail parameter with a threshold 
value around 10,000 passes. 
Recently, more novel methods to analyze Hamburg results have been developed.  One of 
them, developed by Yin et al. at the Texas Transportation Institute aims to be able to separately 
analyze the rutting and stripping damage of the Hamburg curve (2014).  One of the issues this 
method attempts to address is how the calculation of SIP is heavily influenced by the algorithms 
used to find the creep slope and stripping slope lines. Minor deviations with these lines can have 
significant impacts on the calculated SIP and the implied performance of the material. 
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The method developed by Yin et al. (referred to as TTI method) proposed two new 
parameters to evaluate moisture susceptibility from Hamburg results.  The first of these 
parameters is the stripping number, LCSN.  LCSN, shown on a Hamburg data curve in Figure 15, 
is calculated by first fitting Equation 6 to the raw Hamburg data. 









RD = Rut Depth 
LC = Load Cycles 
B, p, LCult = Fitting Coefficients 
  The point of interest is the number of load cycles at which the accumulated rut depth 
begins to increase again after the creep phase of the test.  This point is approximated by 
calculating the inflection point, or where the second derivative is equal to 0, of Equation 6.  In its 
simplified form, this point can be directly calculated using Equation 7. 






LCSN = Stripping Number 




Figure 15: Hamburg Curve with LCSN Calculation (Image from Yin et al. 2014) 
 The second parameter of the TTI method is known as the stripping life, LCST.  LCST is 
calculated by first taking the LCSN and zeroing the accumulated rut depth to that point.  Next, 
Equation 8 is fit to the data points occulting after the LCSN.  It should be noted that this equation 
is written in terms of strain, not rut depth.  The definition of strain in the TTI method is the rut 




𝜀𝑠𝑡 =  𝜀0
𝑠𝑡 ∗ (𝑒𝜃(𝐿𝐶−𝐿𝐶𝑆𝑁) − 1) 
Equation 8 
Where 
εst = Stripping Strain 
𝜀0
𝑠𝑡  = Initial Stripping Strain 
LC = Load Cycles 
LCSN = Stripping Number 
θ = Fitting Coefficient 
 Once Equation 8 has been fit, the LCST is calculated by determining the number of load 
cycles after the stripping number are required to induce a certain amount of stripping strain in the 
material.  The value proposed by the TTI method is 0.20, which corresponds to 12.5mm of 
deformation on a standard 62.5mm height specimen.  The LCST can be calculated directly using 










𝑠𝑡 + 1) 
Equation 9 
Where 
LCST = Stripping Life 
𝜀0
𝑠𝑡  = Initial Stripping Strain 
T = Specimen Thickness in mm 
θ = Fitting Coefficient 
 
Figure 16: Hamburg Curve with LCST Calculation (Image from Yin et. al. 2014) 
 The advantage of the two parameters proposed in the TTI method is that they provide a 
more consistent means to evaluate moisture susceptibility compared to the relatively variable 
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SIP.  The stripping number captures how may load cycles are required for moisture to begin the 
process of penetrating into and breaking down the bond between the aggregates and mastic.  All 
accumulated rut depth before this is assumed to be caused by viscoplastic effects, while all rut 
depth increase after this point is assumed to be caused primarily by stripping damage.  The 
stripping life, on the other hand, describes how quickly the stripping damage evolves once 
stripping damage first occurs.  These two parameters describe unique, but equally important 
types material behavior under moisture-induced stresses.  To improve moisture resistance of a 
material, a high stripping number and stripping life are desired. 
In this study, all Hamburg testing was performed on an InstroTek SmarTracker at a 
temperature of 45°C.  To evaluate moisture susceptibility of the mixtures used in this study, both 
the traditional and TTI method analysis was performed.  
Saturated Aging Tensile Stiffness Test 
The saturated aging tensile stiffness test (SATS) is a test protocol originally developed at 
the Nottingham Transportation Engineering Center to evaluate the moisture susceptibility as part 
of a long term study on long-term durability of high stiffness base course materials (Airey et al. 
2003; Collop et al. 2004).  One of the unique aspects of SATS is that the protocol includes a 
conditioning procedure (which is unique to SATS) that combines both aging and moisture 
conditioning into single process.  Similar to the dynamic modulus method previously mentioned, 
the SATS test measures the change in stiffness of a material due to moisture and age 
conditioning.  Strong correlations have been observed between stiffness reductions observed 
with SATS testing and field results (Collop et al. 2004a,b).  The success of SATS to be able to 
distinguish good and poor performing mixtures eventually led to it being adopted by the UK 
Highway Agency.   
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To perform SATS, a total of five 100mm diameter, 60mm tall cylindrical asphalt 
specimens are required.  The first part of the protocol requires that the baseline, unconditioned 
stiffness of the materials be measured.  The SATS protocol specifies that the stiffness be 
measured in an indirect tensile mode (similar to ITS where the load is applied in compression 
along the specimen’s diameter) using the Nottingham Asphalt Tester device (NAT).  The NAT, 
seen in Figure 17, is a modular load frame which is placed within an environmental control 
chamber.  The standard test temperature for SATS is 20°C, but this temperature was reduced to 
10°C for the current study.  The high modulus base mixtures that were used in development of 
SATS are much stiffer than the dense graded surface mixtures used in this study.  Because the 
study materials were relatively soft at 20°C, the minimum force that can be applied in controlled 
manner and recorded accurately by NATs were too large for the materials, causing material 
damage during the test.  Decreasing the test temperature to 10°C made the study mixture’s 




Figure 17: Nottingham Asphalt Tester with SATS Stiffness Fixture 
 The actual stiffness test is performed by applying a series of five pulse loads to the 
specimen.  Each load is applied for a period of 0.1 seconds, which is followed by a rest period of 
0.9 seconds.  During each load pulse, the applied force and diametric deformation of the 
specimen perpendicular to the load direction are measured.  The maximum force and maximum 
deformation are then used to compute the stiffness of the material using Equation 10.  The 




𝐸 =  





E = Stiffness 
F = Maximum Recorded Force 
ν = Poisson’s Ratio 
z = Maximum Recorded Horizontal Deformation 
h = Mean Thickness of Specimen 
After recording the stiffness of the material, the next step is to saturate the specimens.  
The SATS protocol specifies that all five specimens be submerged underwater in a vessel under 
700 mbar of vacuum for a period of 30 minutes.  After 30 minutes, the specimens are removed 
from the vessel and the percent saturation of the material is measured using Equation 11.  
Saturation values depends heavily on the properties of the mixture, but typical values for 
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S = Percent Saturation 
Mw = Mass of Saturated Specimen 
Md = Mass of Dry Specimen 
Gmb = Bulk Specific Gravity of specimen 
Gmm = Maximum Specific Gravity of Material 
The saturated specimens are then moved to begin the conditioning process.  First, the 
specimens are placed on a vertical rack as shown in Figure 18.  This rack is then placed into a 




Figure 18: SATS Specimen Rack (Left), Pressure Conditioning Chamber (Right) 
 The pressure chamber, which is similar in function to a pressure aging vessel used to age 
asphalt binders, is used to apply moisture conditioning to the material.  Before conditioning 
begins, the bottom of the pressure vessel is filled with water so that the lowest specimen on the 
rack is submerged while the other four specimens remain above the water.  The specimen rack is 
then placed into the pressure chamber.  Once ready, the pressure and temperature of the chamber 
are set using an onboard controller and the conditioning process is allowed to run for a set period 
of time.  The standard SATS protocol calls for a pressure of 2.1 MPa (300 psi) at a temperature 
of 85°C for a period of 65hr (Collop et al. 2004a).  As mentioned previously, the original SATS 
protocol was developed for high modulus materials.  Using this conditioning procedure on 
comparatively soft materials, such as the ones used in this study, could results in the specimens 
experiencing excessive moisture damage, making testing them after conditioning a challenge.  
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To ensure the materials in this study were not excessively damaged during conditioning, a 
modified conditioning procedure recommended for soft materials was used instead.  This 
conditioning procedure sets the chamber at a reduced pressure of 0.5 MPa (70 psi) at the same 
temperature of 85°C for 24hr (Grenfell et al. 2012). 
 During the conditioning process, moisture conditioning occurs to the specimens through a 
convection process.  Since the vessel is at a high temperature, the water at the bottom will begin 
to evaporate.  Once evaporated, the water vapor rises until it reaches the top of the vessel where 
it condenses back into liquid.  Once enough liquid has pooled on the top of the vessel, water 
droplets will fall downward toward the highest specimen on the conditioning rack.  The dripping 
water will eventually flow through the voids of the specimen and drip onto the specimen 
beneath.  The water movement continues until the water falls back into the pool at the bottom 
where the convection process starts again.  The uniqueness of this conditioning process is that all 
five specimens in the chamber will experience different saturation levels during the conditioning.  
The highest specimen will experience the highest saturation level (other than the fully submerged 
specimen) as it is directly beneath the dripping water, whereas the fourth highest specimen 
(which is located right above the pooled water) will experience the lowest saturation as water 
will have to move through three other specimens before it reaches the fourth.  This process can 
be seen in Figure 19.  This schematic shows typical initial and final saturation levels seen during 




Figure 19: SATS Conditioning Schematic   
The advantage of such a conditioning process is that it allows two variables associated 
with moisture susceptibility to be analyzed.  The first, similar to most moisture susceptibility 
evaluation methods, is a measure of how moisture conditioning affects the mechanical properties 
of the material.  For SATS, this is measured by looking at the reduction in stiffness of the 
material.  The other variable that SATS looks at is how sensitive the material property change is 
to varying moisture levels during conditioning.  Since SATS conditioning produces a gradient of 
moisture amounts in the specimens, the effect of varying saturation levels on material property 
changes can be directly measured.  This is in contrast to traditional moisture susceptibility test 
methods which force the specimen saturation to a specified level, losing the ability to analyze the 
effect of different saturation levels. 
Once the conditioning process is completed, the saturation levels of the specimens is 
measured again using Equation 11.  This value is referred to as retained saturation.  Afterwards, 
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each specimen’s post-conditioning stiffness is measured in the same manner as before.  Once this 
is known, the retained stiffness, simply a ratio between the post-conditioning stiffness and pre-
conditioning stiffness, can be calculated using Equation 12.  These two parameters are used to 
determine the relative moisture susceptibility of the tested materials. 





SATS results are typically plotted in a manner similar to Figure 20 where the different 
colors represent different asphalt mixes. Using the measured retained saturation and stiffness 
values, each specimen is plotted as a single point.  The concept behind SATS results is that the 
higher the retained stiffness values and flatter the slope between the five specimens, the more 
resistant the material is to experiencing moisture-induced damage.  This would indicate that the 
material is resistant to mechanical property degradation in the presence of moisture as well as 
unaffected by differing levels of moisture.   Mixtures where the retained saturation levels remain 
above 0.55 are considered to be good performers and acceptable for construction whereas 
retained saturation levels below 0.40 are considered poor and unacceptable for construction per 















































Retained Saturation (Saturation Post-Conditioning)
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2.3.2   Moisture Conditioning 
Modified Lottman Conditioning 
The modified Lottman conditioning procedure, first developed in the 1970s, is one of the 
most popular and common moisture conditioning procedures in the United States due to it being 
included in AASHTO T-283.  Modified Lottman conditioning involves taking a subset of 
compacted asphalt specimens and submerging them in a vacuum chamber.  Approximately 20 
inch-Hg partial pressure is applied to the chamber for 5 to 10 minutes to saturate the specimens.  
The modified Lottman protocol specifies that the specimens should be between 70 and 80 
percent saturated per Equation 13.  If the specimen measures less than 70 percent after the 5 to 
10 minutes of vacuum saturation, they are placed back into the vacuum until they are within the 
specification limits. On the other hand, specimens measuring above 80 percent saturation are 
considered to be damaged and must be discarded. 






S = Percent Saturation 
J’ = Mass of Absorbed Water 
Va = Specimen Air Voids 
Once saturated, the specimens are then wrapped in plastic film within a plastic bag and 
are subjected to a single freeze cycle.  This cycle lasts 16 hours at a temperature of -18°C.  After 
the freeze cycle, specimens are removed from the plastic and placed into a 60°C water bath for 
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24 hours.  After this, the specimens are cooled to room temperature and are ready for testing.  A 
Lottman water bath can be seen in Figure 21. 
 
Figure 21: Lottman Temperature Controlled Water Bath (Image from pavementinteractive.org) 
  Modified Lottman conditioning is intended to simulate somewhere between 4 to 12 
years of moisture-induced damage depending on location and climate.  This procedure, typically 
combined with indirect tensile strength testing as is done in AASHTO T-283, has seen mixed 
success at predicting field performance historically.  While it is generally acknowledged that the 
Lottman procedure is able to distinguish very poor performing and very good performing 
materials, the procedure has received fair amounts of criticism as a tool for routine usage such as 
mixture design.  One of the reasons is that the Lottman method only simulates moisture-induced 
damage caused by static immersion in water.  The conditioning procedure does not simulate the 
variations in pore water pressure from traffic loading, which can produce scouring in the material 
as well as very high internal stresses at aggregate and asphalt interfaces.  This effect is well 
documented as a cause of moisture-induced damage for asphalt mixtures in field conditions 
(Chen et al. 2008; Mallick et al. 2003; Pinkham et al. 2013). 
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In this study, the Lottman procedure was used without modification as specified in 
AASHOT T283.   
Moisture-Induced Stress Tester 
The moisture induced stress tester (MiST), specified by ASMT D7870, is a moisture 
conditioning procedure that was originally developed in the early 2000’s as a simulative method 
for moisture-induced damage in asphalt mixtures.  The MiST device, pictured in Figure 22, is a 
self-contained unit that is able to control temperature and pressures in a dynamic fashion.  
 
Figure 22: MiST Device 
MiST conditioning begins with selecting of subset of specimens for conditioning.  These 
specimens are placed into the MiST device.  In the MiST, the specimens are first submerged for 
a period of 20 hours at 60°C, although the temperature can be adjusted for softer mixes to 
prevent excess damage.  Once this first phase of conditioning is finished, the MiST begins 
cycling the pressure inside the device.  This is achieved by using an air bladder system which is 
able to produce pressures up to 40 psi inside the device.  Standard MiST procedure specifies that 
the specimens are subjected to 3500 cycles of 40 psi pressure for a period of 3.5 hours.  Once the 
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pressure cycles are completed, the specimens are cooled with water so that they are not damaged 
when being removed from the device. 
 The MiST process is intended to mimic the effect of hydraulic scouring, one of the most 
common forms of moisture damage in asphalt pavements, in which water trapped in the air voids 
(saturated) of the material repeatedly exerts pore pressure on the asphalt under the action of traffic, 
which can lead to a reduction of the adhesive strength between aggregate and binder and a loss of 
cohesive strength bond within asphalt binder. The effect of pore water pressure and saturation on 
debonding of asphalt paving mixes was investigated by Jimenez (1974) and, Kiggundu et al. 
(1988), while the effect of permeability and vehicle speed on pore water pressure in pavements 
has been investigated by a number of researchers (Novak et al. 2002; Mallick et al. 2003; Buchanan 
et al. 2004; Mallick et al. 2005; Birgisson et al. 2007; Pinkham et al. 2013). In general, the need 
for equipment for generating cyclic pore pressure in HMA has been widely suggested by 
researchers to identify mixes with potential of moisture damage to allow the evaluation of mixes 
within reasonable amount of time and help in avoiding the other complicating effects of moisture 
damage.  The MiST device is able to simulate both damage caused by static-immersion through 
the 20-hour saturation phase and traffic-induced damage through the 3.5-hour pressure cycling 
phase of the conditioning.  Incorporating both of these conditioning techniques into one procedure 
gives MiST a distinct advantage over other procedures that only incorporate one of these 
techniques.  In addition to this, MiST equipment has shown good potential in identifying moisture 
susceptible mixtures (Chen and Huang 2008). 
 In this study, MiST conditioning was used in combination with various mechanical test 
procedures.  The device was programmed to perform a 20-hour saturation period followed by 
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3500 cycles at 40psi pressure for a period of 3.5-hours as specified in ASTM D7870.  The 
standard conditioning temperature of 60°C was used.    
2.3.2.1 Multiple Cycle Freeze-Thaw Conditioning 
Multiple cycle freeze-thaw is a conditioning scheme that is intended to simulate the 
substantial amount of freezing and thawing saturated asphalt mixtures in cold, wet climates 
experience during the late fall, winter, and early spring months.  The concept behind this is that 
water trapped in the voids of an asphalt material will exert high internal pressures on the material 
as it expands while freezing.  If the forces caused by the expansion are large enough, significant 
internal damage can occur causing a reduction in mechanical properties of the material.  This 
phenomena is widely recognized and accepted in Portland cement concrete where durability is 
regularly quantified in terms of freeze-thaw resistance, such as ASTM D666.   
  Freeze-thaw conditioning has seen extensive use for asphalt mixtures in recent years.  
Research by Baker and Dave and Baker proposed the use of repeated freeze-thaw conditioning of 
asphalt mixtures using temperatures that are representative of the conditions experienced by 
roadways (2013). Their results showed comparable moisture susceptibility between lab 
conditioned mixtures and those conditioned in field. Recently, Lamothe et al. evaluated 
contraction and expansions of partially saturated asphalt mixture specimens to freeze-thaw 
cycles (2015). The study demonstrated the effects of using brine at different salt concentrations 
and its effects on material expansion as well as extent of damage. Manning et al. tested asphalt 
mixtures from New Hampshire with a wide range of conditioning approaches including multiple 
freeze-thaw cycles (2014). The specimens conditioned with freeze-thaw cycles were further 
divided into two groups, the first group represented dry freeze-thaw (no moisture inundation 
prior to start of cycling) and second group represented wet freeze-thaw (12 hour moisture 
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inundation prior to cycling and each thaw phase was simulated by submerging specimens in 
water). The results for these specimens showed a continued decrease in compressive strength 
with increasing number of freeze-thaw cycles.  While multiple multi-cycle freeze-thaw 
conditioning schemes has been conducted by researchers on asphalt mixtures for, a unique 
conditioning protocol was developed in this study to simulate field conditions in the New 
England region. 
The protocol used in this research involved estimating three components of typical 
freeze-thaw cycles in the New England region: average annual number of freeze-thaw cycles, 
average high temperature of freeze-thaw cycles, and average low temperature of freeze-thaw 
cycles.  These three values were determined using data outputs from the Enhanced Integrated 
Climatic Model (EICM) which simulates asphalt pavement temperatures over time taking into 
account factors such as air temperature, air speed, presence of moisture, sunlight exposure, etc.  
Using EICM, 20 years of pavement temperature data were simulated for a typical New England 
pavement.  A simple code was written to analyze the data.  This code would first identify any 
freeze thaw cycles that occurred by looking for data where the local maximum temperature was 
greater than 32°F and the local minimum temperature was less than 32°F.  Each cycle was 
counted and the maximum and minimum temperature of each cycle was recorded.  From this, it 
was determined that a representative New England pavement will experience approximately 30 
annual freeze-thaw cycles with an average high temperature of 6°C and an average low 
temperature of 4°C. 
This protocol was then simulated in the lab by using an environmental chamber.  
Specimens were first saturated in a similar manner to the saturation used with modified Lottman 
conditioning, where the only difference was that the 20 inch-Hg partial pressure was applied to 
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each specimen for 20 minutes.  Saturation levels were not measured or considered.  The 
saturated specimens were then sealed in plastic and submerged in an anti-freeze solution.  The 
anti-freeze was used so that the liquid media the specimens are submerged did not impart any 
damage on the specimen through freezing itself.  With the specimens in the anti-freeze placed 
into an environmental chamber, the freeze-thaw conditioning was started by conditioning the 
chamber at 6°C for two hours.  Afterwards, the temperature cycling began by varying the 
temperature in a triangular wave form where the chamber would cool to the low temperature of 
4°C and raise back to 6°C over a period of 8 hours.  The freeze-thaw setup used in this study can 
be seen in Figure 23. 
 




2.3.3 Test and Conditioning Combinations used in this Research 
As mentioned previously, moisture susceptibility test methods typically combine a form 
of moisture conditioning and mechanical testing into one procedure.  The goal is to evaluate the 
change in material properties before and after moisture conditioning, and determine if that 
change is significant enough to define the material as being moisture susceptible.  In this study, a 
testing matrix was developed using combinations of the methods described in the previous 
sections, which can be seen in Table 6.  The specific procedure selection was based off of both 
research and local transportation agency interests.  






CHAPTER 3: RESULTS AND DISCUSSION 
3.1 Indirect Tensile Strength (ITS) and Tensile Strength Ratio (TSR) 
Results from ITS testing are shown in following section.  The plots shown display both the 
measured strength values as bars which correspond to the left Y axis, and the TSR values as 
points corresponding to the right Y axis.  All strength values are the average of three replicates 
while the TSR value is a ratio of those averages.  The error bars on each strength value 
represents one standard deviation.  The color of the bars and points are tied to the historic 
performance of the material where red represents poor mixtures, orange represents poor-
moderate, and blue represents good. 
 Figure 24 shows the results from ITS paired with modified Lottman conditioning as is 
specified by AASHTO T-283.  Looking at the strength results alone, the good performing 
mixtures are generally stronger in both an unconditioned and moisture conditioned state.  The 
average strength values reflect this as the average unconditioned and conditioned strengths are 
107.8 psi and 97.7 psi for the good, 90.8 psi and 65.8 psi for the poor-moderate, and 75.6 psi and 
67.7 psi for the poor mixtures.  These values are shown in Table 8.  While these strength values 
show distinction between the good, poor-moderate, and poor mixtures, it is worth noting that the 
mixtures all have different binder grades.  Binder grade has a significant impact on measured 
strength values as ITS is conducted at room temperature.  Stiffer binders, which the good 
mixtures mostly use, will generally give higher strength values than mixtures with relatively soft 




Figure 24: Indirect Tensile Strength with Lottman Conditioning Results (red: poor performing mixes; 
orange: poor-moderate performing mixes; blue: good performing mixes)  
 When considering the TSR values from Lottman conditioning, the results become less 
clear.  Comparing the good and poor materials, there is little differentiation in TSR values both 
visually in Table 7 and in average values shown in Table 8.  Both sets of mixtures have TSR 
values ranging from 0.85 to 0.95 with their averages being within 0.01 of each other.   The 
results suggest that these two groups of mixtures would both perform well in the field as they 
have retained more than 80 percent of their strength, the pass/fail threshold set in AASHTO 
T283, after moisture conditioning.  While this is known to be inaccurate considering the mixtures 
historic field performance, this is not particularly surprising as all of the mixes were designed 
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requirements.  Interestingly, the poor-moderate mixtures had the lowest TSR values which were 
in the 70 percent range.    


















MEP1 Poor 58.5 53.3 48.2 0.91 4 0.82 8 
MEP3 Poor 78.4 70.2 73.4 0.89 5 0.94 2 
MEP4 Poor 85.3 78.4 84.7 0.91 3 0.99 1 
VTP1 Poor 80.1 70.0 66.7 0.87 7 0.83 7 
VTP2 Poor 75.6 66.7 70.0 0.88 6 0.93 3 
CTP1 Poor-Moderate 118.4 84.0 91.6 0.71 10 0.77 9 
MEP2 Poor-Moderate 63.3 47.5 43.2 0.75 9 0.68 10 
MEG1 Good 78.4 74.9 72.1 0.95 1 0.92 4 
VTG1 Good 120.3 111.2 108.6 0.92 2 0.90 5 
NHG1 Good 124.8 106.9 105.0 0.85 8 0.84 6 
 















Poor 75.6 67.7 68.6 0.90 0.90 
Poor-Moderate 90.8 65.8 67.4 0.73 0.73 
Good 107.8 97.7 95.2 0.91 0.89 
 
 The results from ITS testing paired with MiST conditioning are shown in Figure 25.  
Interestingly, the results in this plot look similar to those in Figure 24.  A similar trend of the 
good mixtures being stronger than both the poor-moderate and poor mixtures is shown, as well 
as little distinction among the TSR values can be seen.  A slightly wider range of 0.82 to 0.99 for 
TSR values among the good and poor performers exists, but the average TSR values for the two 
mixtures groups is again only separated by 0.01.  This suggests that MiST conditioning is 
relatively similar, in terms of its effect on ITS and TSR, as Lottman conditioning and that neither 
methods are able to clearly distinguish good and poor performing mixtures when paired with ITS 
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testing.  The same trend where the poor-moderate mixtures have the lowest TSR values (between 
0.70 and 0.80 in this case) was observed with MiST conditioning. 
 
Figure 25: Indirect Tensile Strength with MiST Conditioning Results 
 Lastly, the TSR rankings for all ten materials are shown in Table 7.  Comparing the 
rankings of good and poor performing mixtures, there are no obvious differences between the 
two sets of mixtures.  For the Lottman conditioning, the good generally rank better than the poor 
mixtures, but the opposite is true for MiST conditioning.  The only consistent trend in the 
rankings is that the poor-moderate mixtures consistently were the worst performing materials.    
 Considering that both Lottman and MiST conditioning strengths were measured on ITS 
specimens, limited comparisons can be made between the two conditioning methods.  Figure 26 
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Interestingly, the results suggest that there is little difference between the two methods with 
respect to their effect on indirect tensile strength as all of the points fall near the line of equality.  
This is surprising as it is generally assumed that MiST is a more aggressive, damaging 
conditioning procedure as it includes both the effects of pore pressure and moisture inundation.   
 
Figure 26: Comparison between Lottman and MiST Conditioned Strength 
One potential explanation for this observation of little difference between the two methods, 
as well as why neither method is able to show clear distinctions between the good and poor 
materials, is that ITS results may not capture the effects of moisture damage for typical New 
England mixtures.  Since ITS is conducted at room temperature (typically 25°C), many New 
England mixtures are too soft to exhibit a pure tensile failure during the ITS test.  Instead, there 
is a substantial amount of creep and shear failure in the material close to the loading heads.  The 
concept behind using ITS as a moisture susceptibility evaluation tests is that it is directly 
stressing the internal adhesive and cohesive bonds within the material through splitting tensile 
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stressing the areas which are expected to be most sensitive to moisture-induced damage.  
Because soft New England materials are experiencing substantial amounts of shear and creep 
damage, it is likely that ITS will not be able to reliably capture the effects of moisture damage 




3.2 Dynamic Modulus 
The following section shows results from dynamic modulus testing paired with MiST 
conditioning.  Dynamic modulus tests were conducted to measure the change in linear 
viscoelastic properties of the material due to moisture conditioning.  The results are presented for 
the three mixtures from Vermont.  Some general information about the three mixtures is shown 
in Table 9.  It is worth noting that these three materials consist of one good performer (marked in 
blue points on plots) and two poor performers where one mixture includes an anti-strip additive 
(marked in green points) and the other being the same mixture except it has no anti-strip additive 
(marked with red points).   
Table 9: Mixes Tested with Dynamic Modulus and MiST Conditioning 










VTP21 Colchester, VT Poor Granite 58-28 No Additive 9.5 
VTG1 Rutland, VT Good Dolomite 70-28 WMA Additive 12.5 
1 Indicates that mixtures are produced at the same plant, have the same volumetric properties, and the same gradations. 
 Figure 27 shows the dynamic modulus master curves for the three Vermont mixtures.  
This plot includes master curves for the mixtures in both an unconditioned (solid point) and 
MiST conditioned (hollow point) state.  All of the master curves presented in this section are 
plotted on a log-log scale and were shifted to a reference temperature of 21.1°C. 
 Looking at the master curves in Figure 27, it is apparent that all three mixtures experience 
a reduction in stiffness after MiST conditioning.  This is most evident at lower frequencies which 
represent slow traffic speeds or high pavement temperatures.  The reduction in stiffness at high 
frequencies is less evident due to the log-log scale the data is being plotted on and the proximity 
of the points, but it is still noticeable for the two poor performing mixtures.  Comparing the good 
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and poor performing materials, the reduction of stiffness appears to be less for the good material 
as compared to both of the poor performing materials.    
 
Figure 27: Dynamic Modulus with MiST Conditioning Results 
Since visual observations on log scales can be misleading, the dynamic modulus ratio 
(moisture conditioned modulus divided by unconditioned modulus) values at various frequencies 
along the master curve are shown in Figure 28.  The results in this plot support the visual 
observations made from Figure 27.  Looking at the ratios, it can be seen that the materials 
experience a drop in stiffness across all frequencies after conditioning.  This reduction in 
stiffness is much more pronounced at lower frequencies where the dynamic modulus ratio is as 
low as 0.71 for the good performer and 0.53 for the poor performer without the anti-strip 
additive.  As the frequency increases, the dynamic modulus ratio steadily increases to values 




















VTG1 Unconditioned VTG1 Conditioned VTP1 Unconditioned
VTP1 MIST Conditioned VTP2 Unconditioned VTP2 MIST Conditioned
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results suggest that asphalt mixtures are more affected by moisture conditioning at slower traffic 
speeds and higher temperatures.  
 
Figure 28: Dynamic Modulus Ratio Results 
It can also be seen in Figure 28 that the good performer experiences substantially less 
drop in stiffness compared to the two poor performers.  For the good performing mixture, the 
dynamic modulus ratio ranges from 0.71 to 0.95 compared to the poor performing mixtures 
where the dynamic modulus ratio ranges from around 0.60 to 0.80.  Throughout the master 
curve, the good performer’s modulus ratio is consistently between 0.15 and 0.20 higher than the 
poor performing mixtures.  This result is promising as it indicated that dynamic modulus is able 
to distinguish good and poor performing mixtures when paired with MiST conditioning, unlike 


























Another promising result in Figure 28 is that it appears that dynamic modulus is able to 
distinguish the effect of an anti-strip additive as well.  This is most evident at the lowest 
frequency of 0.001 Hz and frequencies between 1 Hz and 1000 Hz where the dynamic modulus 
ratio of the poor performer with the anti-strip additive is between 0.05 and 0.1 larger than the 
poor performer without the anti-strip additive.  This difference is much clearer than those shown 
for ITS testing where the effect of anti-strip additives could not be observed. 
 In addition to dynamic modulus, the change in phase angle after conditioning was also 
observed.  The results from this, shown as a master curve in the same manner as dynamic 
modulus, are plotted in Figure 29.  Looking at the results, it is apparent that all three mixtures 
experience an increase in phase angle after MiST conditioning.  The amount of increase in phase 
angle is much more pronounced after the peak of the curves around 0.50 Hz, where the mixture 
transitions into binder dominated behavior.  This increase in phase angle can be as low as 0.5 
degrees at lower frequencies, to as much as an increase of 5 degrees at some of the intermediate 
frequencies.  The increase in phase angle shows that after moisture conditioning, the mixtures are 
exhibiting a more viscous response under loading.   
 Similar to the dynamic modulus changes, the increase in phase angle is more substantial 
for the two poor performing mixtures compared to the good performing mixture.  Across all 
frequencies, the good performing mixture experiences an increase of phase angle of no more 
than two degrees.  Compared to the two poor performing mixtures, which can increase up to five 
degrees at intermediate frequencies, the good performer is undergoing significantly less change 




Figure 29: Phase Angle with Conditioning Results 
 Overall, the results from dynamic modulus are promising considering the objectives set 
forth in this study.  Both dynamic modulus and phase angle results were able to clearly 
distinguish the good and poor performing mixtures, while dynamic modulus was able to 
somewhat distinguish the performance of the mixture using an anti-strip additive compared to 
the same mix without an anti-strip additive.  Results from dynamic modulus testing showed that 
asphalt mixtures experience both a reduction in modulus and an increase in phase angle after 
moisture conditioning, meaning that the materials are both softer and behaving in a more viscous 
manner.   
 One reason dynamic modulus results may be more promising as compared to strength 
measures for moisture susceptibility is that dynamic modulus is able to capture a larger amount 
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property measured on an entire specimen, allowing all of the damage due to small defects within 
the specimen to be captured at the test level regardless of their locations within the material.  
Strength measurements, on the other hand, typically focus on failure within one region of the 
material.  This is especially apparent with strength tests that involve fracture, such as ITS or 
DCT, where the region of failure is highly controlled by the test geometry.  In this case, it is 
likely that many regions of local damage (especially near the surface of the material) will not be 
fully captured by strength measurements as they are not along the failure plane.  
Another advantage of using a modulus measure, that captures overall response of the 
whole specimen and corresponding softening mechanisms from moisture induced damage, is 
ability to use this measure in mechanistic pavement analysis. 
   




3.3 AASHTOWare PavementME 
One of the advantages of measuring dynamic modulus is that it is a fundamental material 
property allowing it to be used with pavement analysis models to calculate stresses and strains in 
a pavement structure, which can be tied to distress predictions.  As mentioned in the 
methodology section, AASHTOWare PavementME was chosen as the pavement analysis tool for 
this study as it uses dynamic modulus as the primary material input for asphalt layers.  The 
results from this section show two different pavement structures simulated using PavementME.  
Both pavement structures were simulated using dynamic modulus values measured on 
unconditioned and MiST conditioned mixtures.  All other properties of the pavement structure 
were held constant so that the potential effects of moisture conditioning could be isolated.  The 
dynamic modulus data from the three Vermont mixtures was used for the PavementME 
simulations.  The same color conventions used in the dynamic modulus results apply in this 
section. 
Figure 30 shows the cross sections of the pavements used in this analysis.  A relatively 
representative thick and thin pavement structure for the New England region were chosen.  Table 
44 in the appendix shows some of the parameters used to perform the PavementME analysis 
such as traffic counts, material properties, etc.  It is worth noting that the simulations with the 
moisture conditioned material properties were conducted in a “worst case” scenario where those 
properties were assumed to be present at the time of construction.  In reality, this is unlikely to 
occur as moisture damage occurs over time.  This choice was made for the sake of simplicity as 
it should give a reasonable estimate of the potential implications on pavement performance of 




Figure 30: Pavement ME Thin and Thick Pavement Structures 
 The following plots show the results from the thin pavement simulation.  All results are 
plotted in terms of predicted distress and roughness amounts with respect to the amount of time 
the pavement has been in service.  Both distresses and roughness predictions are compared to a 
Pavement ME failure threshold, shown on the plots with a dashed black line. 
Figure 31 shows the predicted rut depth of the thin pavement structure.  Looking at Figure 
31, it can be seen that all three mixtures are predicted to have higher rut depths with conditioned 
properties, which is not surprising considering their reduction in stiffness.  This increase in more 
pronounced for the two poor performing mixtures, especially as the service life of the pavement 
increases.  In the first few months of service, there is little distinction between any of the 
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mixtures.  The two poor performers are predicted to accumulate an additional 0.2 inches of rut 
depth compared to the baseline condition.  This is much larger compared to the good performing 
mixture, which only experiences and additional 0.08 inches of rutting.   
 
Figure 31: Pavement ME Predicted Rut Depth Results for Thin Pavement Structure 
A common failure threshold, which is the default threshold in Pavement ME, of 0.5 inches 
of rut depth is also shown on the plot.  Pavement life in terms of rutting can be defined as when 
the predicted rutting crosses this threshold.  Looking at Figure 31, it is apparent that all of the 
moisture conditioned material reach the failure point earlier than their unconditioned 
counterparts.  When comparing the two poor performing mixtures to the good, significant 
differences in loss of pavement life can be seen.  For example, VTP2 passes the rutting threshold 
at 214 and 107 months in the unconditioned and conditioned state respectively.  This difference 
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design life of this pavement section.  Compared to the good performing mixture VTG1, which 
loses approximately half as much life at a loss of 50 months, this is a substantial difference in 
expected pavement life.  Loss of life values can be seen in Table 10. 
Looking at the bottom up fatigue cracking results in Figure 32, similar trends are observed.  
At the beginning of the life of the pavement, there is very little distinction between any of the 
mixtures.  As time progresses, the conditioned materials begin to experience significantly 
increased amounts of cracking.  This effect is more pronounced for the poor performing 
materials that see an additional five percent fatigue cracking compared to the good mixture 
which only increases about two percent.  In terms of life, all of the mixtures fail during the same 
general time frame.  When comparing the poor and good performing materials, relatively little 
difference is seen in the predicted loss of life.  Both of the poor materials lose approximately 1 
year of life due to moisture conditioning compared to the good material which loses 8 months of 




Figure 32: PavementME Predicted Fatigue Cracking Results for Thin Pavement Structure 
 Figure 33 shows the predicted international roughness index, which quantifies the surface 
roughness of the pavement, for the thin pavement simulations.  In general, the increase in 
roughness for the conditioned materials is first noticed after about one year of service, and then 
continues to increase at a rate similar to the unconditioned materials throughout the pavement 
life.  Similar to the two previous plots, this effect is more pronounced for the poor materials 
compared to the good performer which has relatively little difference throughout its life.  
Comparing loss of life, the two poor materials lose 21 and 28 months of life compared to the 
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Figure 33: PavementME Predicted Roughness for Thin Pavement Structure 
 Table 10 and Figure 34 show the summarized predicted life and loss of life for each 
material and distress type.  For the thin pavement section, it can be seen that the most substantial 
differences in life are observed when comparing to the rutting failure threshold.  While both 
roughness and fatigue cracking both show reductions in life, the loss is relatively minor 
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Table 10: Predicted Pavement Life for Thin Pavement Section 





 (0.5 inch) 
Fatigue Cracking 
 (25% Cracked Lane Area) 
VTG1 
Unconditioned 154 ≈ 270 81 
Conditioned 143 228 73 
  Loss of Life 11 ≈ 50 8 
VTP1 
Unconditioned 166 227 72 
Conditioned 145 135 59 
  Loss of Life 21 92 13 
VTP2 
Unconditioned 164 214 71 
Conditioned 136 107 59 
  Loss of Life 28 107 12 
 
 

































 The next three plots show the predicted rutting, fatigue cracking, and roughness for the 
thick pavement sections.  Generally, the trends seen in the thin pavement are reflected in the 
thick pavement for rutting and roughness.  The predicted fatigue cracking trend is somewhat 
different, however.   
 Figure 35 shows the predicted rut depths for the thick pavement section.  Similar to the 
thin pavement section, the conditioned materials are predicted to experience substantially more 
rut depth throughout their service life.  This effect is most pronounced for the poor materials 
towards the end of their service lives.  When comparing the loss of life due to moisture 
conditioning.  In this case, the two poor materials lose between 60 to 63 months of life due to 
conditioning, where the good material only loses 37 months of life.  This difference, while less 
magnitude than the thin pavement, is a significant difference as the poor materials lose almost 




Figure 35: PavementME Predicted Rutting for Thick Pavement Structure 
 Figure 36 shows the predicted fatigue cracking for the thick pavement section.  
Compared to the thin section, the predicted cracking amount is substantially less in the thick 
pavement.  Unlike the thin pavement, the moisture conditioned materials begin to distinguish 
themselves early in the pavement life.  This can be most clearly seen with the poor materials 
where between 40 and 60 months, there is predicted to be an additional 10-15 percent lane area 
of fatigue cracking due to the effects of moisture conditioning.  After 60-70 months of service, 
the difference between conditioned and unconditioned materials becomes much smaller at 
around 5 percent. 
 Comparing loss of life between the poor and good materials shows significant differences 
when comparing the poor and good materials.  The two poor materials are predicted to lose 
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predicted to lose 25 months.  Similar to the rut depth predictions, the good material loses half as 
much life as compared to the poor materials.  
 
Figure 36: PavementME Predicted Fatigue Cracking for Thick Pavement Structure 
 Predicted IRI values for the thick pavement sections are shown in Figure 37.  Similar to 
the thin pavement section, the increase in IRI due to moisture conditioning is most apparent 
during the middle and late portions of the pavement life.  For the conditioned materials, the rate 
of increase in IRI is slightly faster than that for the unconditioned materials.  
 When comparing the loss of life between the poor and good materials, the poor materials 
lose substantially more life.  The poor materials, which lose between 29 and 35 months of life, 
are expected to lose almost three times as much life as the good material, which only loses 8 
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Figure 37: PavementME Predicted Roughness for Thick Pavement Structure 
Similar to the thin pavement section, Table 11 and Figure 38 show the predicted life and 
loss of life for each material and distress type.  For the thick pavement, all three failure modes 
show significant losses in life with the use of moisture conditioned properties.   
Table 11: Predicted Pavement Life for Thick Pavement Section 





 (0.5 inch) 
Fatigue Cracking 
 (25% Cracked Lane Area) 
VTG1 
Unconditioned 190 179 191 
Conditioned 182 142 166 
  Loss of Life 8 37 25 
VTP1 
Unconditioned 203 144 178 
Conditioned 174 84 127 
  Loss of Life 29 60 51 
VTP2 
Unconditioned 199 133 168 
Conditioned 164 70 119 
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Figure 38: Predicted Loss of Life for Thick Pavement Section 
Overall, the results from the Pavement ME simulations suggest that using moisture 
conditioned material properties has a significant impact on pavement performance.  This impact 
on performance is heavily dependent on the definition of failure as the predicted loss of life 
ranged from as little as 8 months to up to 107 months depending on the material, failure 
definition, and pavement structure.  Out of the three failure modes shown in this section, rutting 
is the most affected by moisture conditioning.  When looking at loss of life, moisture 
conditioning brought about anywhere between 37 and 107 months of reduced life whereas 
fatigue cracking and IRI thresholds typically reduced life between 8 and 50 months.   
When comparing poor and good materials in terms of loss of life, the differences are 
substantial.  While the difference in magnitude in loss of life varies for each pavement and 
failure threshold, the good material always experiences less loss of life due to moisture 
conditioning.  In most cases, the loss of life of the poor materials is between 2 and 3 times as 
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when moisture induced damage is a concern.  It should be remembered that these simulations are 
performed in a worst case scenario which may not accurately reflect what would occur in a real 
pavement.  Regardless, these predictions provide a basis to understand the potential loss of 





3.4 Disk-Shaped Compact Tension (DCT) 
Results from DCT fracture testing are shown in the following section.  DCT testing was 
paired with a newly developed freeze-thaw conditioning procedure to investigate the 
implications of using mixtures with varying levels of moisture susceptibility on low temperature 
cracking performance.  Five out of the ten mixtures were tested with DCT, which are shown with 
general descriptions in Table 12.  The same color scheme as the ITS section is used in this 
section. 
Table 12: Mixes Tested with DCT and Multi-Cycle Freeze-Thaw Conditioning 






MEP11 Presque Isle, ME Poor Limestone 64-28 No additive 12.5 








VTP22 Colchester, VT Poor Granite 58-28 No Additive 9.5 
NHG1 Concord, NH Good Granite 64-28 No Additive 12.5 
1,2 Indicates that mixtures are produced at the same plant, have the same volumetric properties, and the same gradations. 
 Figure 39 shows the fracture energy results from DCT testing, where the bars represent 
the average fracture energy of three replicates and the error bars are one standard deviation.  
Looking at the results, the freeze-thaw conditioning appears to have little detrimental effects on 
the thermal cracking performance of the materials.  In fact, the only material that experienced a 
significant change after conditioning was VTP1 which increased in fracture energy 120 J/m2 
after conditioning.  The other mixtures experienced no significant changes in fracture energy 
after conditioning, ranging from a decrease of 15 J/m2 with MEP2 to an increase of 20 J/m2 with 
NHG.  This results-based observation is also reflected in Figure 40 which shows representative 
load-CMOD curves of both unconditioned and freeze-thaw conditioned specimens.  As can be 
seen, the two sets of curves are very similar to each other, suggesting no significant changes to 
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material properties are occurring due to freeze-thaw conditioning.  It is also worth noting that 
every mixture, regardless of being in an unconditioned or conditioned state, exceeded the 
MnDOT recommended threshold to resist thermal cracking of 400 J/m2. 
 































Figure 40: Representative Load-CMOD Curves for Unconditioned and Freeze-Thaw Conditioned DCT 
Specimens 
 
 When comparing good and poor performing mixtures, the fracture energy results are not 
able to distinguish the two mix groups.  As can be seen in Table 13, the average change in 
fracture energy after conditioning of both groups of mixtures are an increase of 25.9 J/m2 for the 
poor performers and 20.5 J/m2 for the good performers.  This minor increase in fracture energy 
(compared to the average values for each group) is insignificant suggests that freeze-thaw 
damage is not an effective moisture susceptibility predictor and that it does not affect low 
temperature cracking resistance for these mixtures.  
 In addition to not being able to distinguish between good and poor performing materials, 



















either VTP1 to VTP2 or MEP1 to MEP2, there were no obvious trends occurring with the 
addition of anti-strip additives. 
Table 13: Average Fracture Energy Results 
Mix Performance 
Average Unconditioned 
Fracture Energy (J/m2) 
Average Freeze-Thaw 
Conditioned  
Fracture Energy (J/m2) 
Average change in 
Fracture Energy (J/m2) 
Poor 596.4 622.3 25.9 
Good 548.0 568.5 20.5 
 
DCT was chosen to be evaluated in this study to investigate the effectiveness of a fracture 
mechanics based approach to moisture susceptibility evaluation.  DCT, as well as most fracture 
based approach, are able to capture the fundamental mechanisms of moisture-induced damage 
better than strength based measurements.  The pure tensile failures associated with fracture 
failures directly stress the internal adhesive and cohesive bonds of asphalt materials where 
moisture-induced damage is expected to occur.  Interestingly, the results from this research 
suggest did not show any significant differences between historically good and poor performing 
mixtures.  Considering fracture based tests ability to capture moisture damage and past success 
using DCT as a moisture susceptibility test method, it is likely the case that the freeze-thaw 
condition scheme is the limiting factor in this research.  This is supported as results before and 
after conditioning were very similar.  If the conditioning protocol were having a significant 





3.5 Hamburg Wheel Tracker 
Results from Hamburg wheel tracker testing are shown in the following section.  All ten of 
the study mixtures are presented in this section, and the same color convention as the ITS section 
is used where red represents poor, orange represents poor-moderate, and blue represents good 
mixtures.  Results from both traditional Hamburg analysis and the TTI method are presented and 
analyzed.  All of the results are calculated for individual Hamburg results, and then averaged 
together (rather than combining curves and calculating values off of that).  For reference, 
representative Hamburg curves for each mix are shown in Figure 41. 
 
Figure 41: Hamburg Raw Data Curves 
 Figure 42 shows the results from traditional Hamburg analysis.  This includes both the 
passes to failure, which corresponds to a rut depth of 12.5mm, and the calculated stripping 
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measured values.    Looking at the passes to failure first, the results show that a majority of the 
poor mixtures failed within the standard 20,000 passes of the test.  On the other hand, all of the 
poor-moderate and good performing mixtures did not exceed 12.5mm during the test.  
Considering this, the rut depth could be a promising parameter as it is able to distinguish good 
and poor performing materials.  This is also reflected in Table 14 where the average values for 
each mixture performance category is compared.  It should be noted that any mixture that did not 
fail was calculated as if the number of passes to failure was 20,000.   
 Although this parameter shows promise, it should be noted that the Hamburg wheel 
tracking test is ran at a single temperature in this study.  Rut depth can be somewhat misleading 
as a soft material could experience viscoplastic deformation at the high temperatures the 
Hamburg test is conducted at, but no moisture-induced rut damage.  This can be seen in limited 
cases in the results.  Looking at the raw data curves in Figure 41 for both MEG1 and NHG1, it 
can be seen that MEG1 experiences significantly more rut depth accumulation, although neither 
material shows significant accumulation of moisture-induced damage (which would be seen as a 
significant increase in rut depth accumulation).  This is likely due to the fact that MEG1 is a 
softer material as compared to NHG1.  Although neither material reached the defined failure rut 
depth of 12.5mm, it is conceivable where a softer material would reach the failure rut depth 
without any signs of moisture-induced damage.  This issue can be somewhat corrected by 
changing the temperature of the test, but this is an approximate correction as the temperature 
adjustments for current Hamburg specifications are solely based off of high temperature PG 
grades.  While this is a start, there is no guarantee that two materials will have equal rut 
resistance as materials with the same high temperature PG grade can have significantly different 
properties as one PG grade covers a wide range of material behavior.  In addition to this, there is 
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no guarantee that materials with different PG grades are behaving similar at temperature ranges 
specified. Challenges like this support the use of parameters that ignore rut depth, such as 
stripping inflection point. 
 
Figure 42: Traditional Hamburg Results 
 Looking at the SIP values, shown with solid bars in Figure 42, it is apparent that all of the 
poor performing mixtures experienced a SIP before the test concluded.  As with the rut depth 
results, any bar shown as 20,000 passes for SIP means that no striping inflection point occurred 
during the test according to the algorithm used.  Comparing the good and poor performing 
mixtures, it is apparent that the stripping inflection point does an excellent job at distinguishing 
the two types of materials.  The poor mixtures never exceed 16,000 passes before experiencing a 
SIP where none of the good mixtures experienced a SIP.  The average values, shown in Table 14, 
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Poor 16788 13978 8349 16417 
Poor-Moderate 20000 20000 20997 25000 
Good 20000 20000 25472 26949 
 
 Another observation from the traditional Hamburg data is that the results are able to 
distinguish mixtures with and without anti-strip additives.  Looking at the results from MEP1 (no 
anti-strip additive) and MEP2 (amine-base anti-strip additive), the effectiveness of the additive is 
clear.  The presence of the additive took a mix that experienced a SIP and rutting failure around 
15,000 passes to a mix that did not experience either of those.  In the case of the two poor 
performing Vermont materials, VTP2 (no anti-strip additive) experienced a stripping inflection 
point and rutting failure 2,500 and 3,500 passes earlier respectively compared to VTP1 (hybrid 
WMA/anti-strip additive).  While this difference is not as clear as the two Maine mixtures, it is 
still a clear, observable difference in material behavior.  This results-based observation can also 
be seen in the raw data in Figure 41, where both mixtures without anti-strip additives show much 
clearer signs of stripping damage. 
 Figure 43 shows the Hamburg results from the TTI analysis.  It should be noted that, 
similar to the traditional results, a value of 25,000 passes for either parameter means that they did 
not occur within the test, indicating excellent performance.  The first parameter calculated is the 
stripping number which represents how quickly a material begins experiencing moisture-induced 
damage.  Looking at the results, there is a clear distinction between the poor and good 
performing mixtures.  Most of the poor mixtures, with the exception of MEP4, began stripping 
before 8000 wheel passes.  On the other hand, the good performing mixtures only had one 
mixture begin stripping (at 13,000 passes) while the other two had no measurable stripping point.  
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The poor-moderate materials behaved, as one would expect, in the middle of the poor and good 
performing mixtures.  These observations are reflected in the average calculated values in Table 
14. Similar to the previous plot, this includes error bars which represent the maximum and 
minimum measured values.   
 
Figure 43: Hamburg Results with TTI Proposed Parameters 
 The calculated stripping life, which represents how quickly striping damage progresses in 
the material, shows a similar trend where the poor materials consistently perform worse than 
both the poor-moderate and good materials.  As shown in Table 14, the average stripping life of 
the poor materials is substantially lower than that of both of the other two material groups.  The 
only exception to this general trend is MEG1, which has a lower stripping life than a few of the 
poor and poor-moderate mixtures. 
 Similar to the traditional results, the TTI analysis is able to distinguish the effect of the 
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had a stripping point occur around 6,000 passes and a stripping life around 16,000 passes where 
MEP2 had neither of these occur.  This difference is also apparent when looking at VTP2 and 
VTP1 where the mix without an anti-strip additive has stripping points and lives that are a few 
thousand passes less than the mixture with the anti-strip additive.   
 Overall, the results from Hamburg testing are very promising considering the main goal 
of this research.  All four of the parameters used in this section show clear distinction between 
good and poor performing materials, and some are even able to distinguish the poor-moderate 
materials as well.  In addition, both methods are able to identify differences with and without 
anti-strip additives.  Comparing the two analysis methods, it appears that the TTI method shows 
larger distinctions between the materials in terms of results for the materials used in this study.  
This can be seen in Table 14 where the difference in average stripping number and stripping life 
values between poor and good materials is larger compared to the differences in results 
calculated using traditional analysis. 
 One of the main advantages of using the Hamburg wheel tracking test, and potentially 
why it is showing the most promising results for this study, is that it is a simulative test.  While 
other tests focus on use of engineering or fundamental mechanical property, Hamburg is an 
empirical measure with loading conditions that are simulative of traffic loads on saturated 
asphalt mixtures. While, from mechanistic analysis perspective this poses a challenge, from the 
perspective of capturing distress mechanisms that are not currently simulated in mechanistic 
analyses, such as raveling, the simulative nature of HWT gives it a distinct advantage.  The 
Hamburg test is able to directly simulate the effects of both moisture inundation when the 
specimens are submerged in heated water as well as the effects of pore pressure damage from the 
action of the wheel.  While the other tests may capture more useful properties from a mechanistic 
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3.6 Saturated Aging Tensile Stiffness Test (SATS) 
Results from SATS testing are shown in the following section.  The three Vermont 
mixtures were tested with SATS, which are shown with general descriptions in Table 15.   
Table 15: Mixes Tested with SATS 










VTP22 Colchester, VT Poor Granite 58-28 No Additive 9.5 
VTG1 Rutland, VT Good Dolomite 70-28 WMA Additive 12.5 
1,2 Indicates that mixtures are produced at the same plant, have the same volumetric properties, and the same gradations. 
 Figure 44 shows the SATS results from the Vermont mixtures.  All three of the mixtures 
exhibited behavior that is not typical for materials in SATS.  Specifically, the specimens did not 
reach the typical saturation level gradient seen with SATS results.  For each of the Vermont 
mixes, four of the specimens, which were above the water in the conditioning chamber, from 
each mixture had relatively similar retained saturation values around 30 percent where these 
would be expected to be spread out over a range.  These specimens correspond to the leftmost 
clusters on the plot.  The only specimens that behaved as expected were the specimens under 
water, which measured between 80 and 95 percent retained saturation.  These specimens 
correspond to the rightmost points in Figure 44.  One possible explanation for this behavior is 
that the Vermont mixes are much denser and less permeable than the materials SATS was 
designed to evaluate.  Since a conditioning protocol with reduced time (24-hour instead of 65-
hour) was used, perhaps there was not enough time for the water dripping effect to take place, 




Figure 44: SATS Results from Vermont Mixtures 
 Another interesting trend with the Vermont mixture results is that all three mixes appear 
to be insensitive to the moisture levels within the specimen.  Looking at the results, it can be seen 
that the specimens with the highest retained saturation levels have retained stiffness values very 
close to the retained stiffness values of the four specimens with significantly lower moisture 
levels.  Similar to the previous trend, this is somewhat opposed to what is typically seen with 
SATS results.  While the reason this occurs is not clear, these results suggest that achieving a 
gradient of moisture levels is not critical for the Vermont mixtures as the retained stiffnesses 
appear to be insensitive to the saturation levels in the specimens.   
 In terms of ranking the mixtures, the results show a clear difference between the good 
performing mixture and the two poor performing mixtures.  As can be seen in Figure 44, the 
good mixture’s retained stiffness always remained above 0.80 while the poor materials never 
retained more than 62 percent and dropped as low as 45 percent of their initial stiffness.  It is 































recommendation by the UK Highway agency.  While this may suggest that the materials are 
sufficiently resistant to moisture-induced damage, it cannot be overemphasized that SATS is not 
designed for dense graded mixtures so these recommendations may not be accurate for the 
Vermont mixtures.   
 Looking at the effect of anti-strip additives is less clear.  Comparing VTP1 and VTP2, the 
retained stiffness results are closely clustered for the four specimens above the water as well as 
the submerged specimen.  On average, the five VTP2 specimens retained 53 percent of their 
initial stiffness, while VTP1 retained 58 percent of its initial stiffness.  This indicates that the 
anti-strip additive used in VTP1 provides a moderate increase in moisture resistance and that the 
SATS test is somewhat able to distinguish the effect of additives.  With this in mind, it should be 
understood that the average difference of 0.05 retained stiffness between the materials with and 
without anti-strip additives is within the typical variation seen in the SATS test.  More testing is 
needed to conclusively understand SATS ability to distinguish this effect. 
 The uniqueness of the SATS protocol, and why it was included in this research, is that the 
effects of both aging and moisture-induced damage are incorporated into the conditioning 
procedure.  While the individual effects of aging and moisture-induced damage cannot be easily 
identified in the results, the combination of the two provides a more realistic conditioning 
procedure as compared to traditional conditioning procedure.  When considering pavements in 
the field, asphalt materials will experience both aging and moisture-induced damage 
concurrently rather than consecutively, as it typically done with laboratory procedures.  Based 
off of the results in this research, it appears that a combined approach holds promise in being an 





CHAPTER 4: SUMMARY AND CONCLUSIONS 
4.1 Summary of Research 
The main goal of the research presented in this thesis is to compare a series of asphalt 
mixture moisture susceptibility test methods in terms of their ability to be a reliable replacement 
for currently used test methods in the New England region.  A number of moisture susceptibility 
test methods were identified through review of literature.  Using methods that have shown 
promising results in previous studies, a series of historically good and poor performing mixtures 
from the New England region were evaluated to achieve study goal.  Results were analyzed to 
determine which tests are able to distinguish historically good and poor performing mixtures on a 
consistent and reliable basis.  The tests methods evaluated in this research included indirect 
tensile strength paired with modified Lottman and moisture induced stress tester conditioning, 
dynamic modulus paired with moisture induced stress tester conditioning, disk-shaped compact 
tension testing paired with a newly developed multi-cycle freeze-thaw conditioning scheme, the 
Hamburg wheel tracking test, and the saturated aging tensile stiffness test.  As part of a 
secondary goal of this research, the previously mentioned methods were also evaluated for their 
ability to identify and distinguish the performance of mixtures treated with remedial measures to 
improve moisture resistance.  Out of the ten mixtures selected for this research, two sets of 
identical mixtures were produced with the only variable being the presence of a moisture 
treatment.  Comparing results from these sets of materials provided insight into effectiveness of 




The last goal of this research was to quantify the potential effects of moisture induced 
damage on pavement performance and service life.  This was accomplished using dynamic 
modulus results of mixtures in both an unconditioned and moisture conditioned state with 
AASHTOWare PavementME, a pavement analysis program.  Two pavement structures were 
simulated using PavementME to predict the rutting, fatigue cracking, and international roughness 
index of the pavements when surfaced with both unconditioned and moisture conditioned 
materials.  These results were compared to each other as well as established failure thresholds for 
each of the predicted distresses to determine the potential loss of pavement life due to moisture-




4.2 Conclusions     
On the basis of the findings presented in this thesis, a number of conclusions can be drawn. 
 Indirect tensile strength ratios, regardless of whether modified Lottman or moisture 
induced stress tester conditioning was used, were unable to distinguish the performance 
of good and poor performing mixtures.  Little difference was observed when looking at 
the average tensile strength ratios of both the poor and good mixtures as well.  This result 
is not entirely a surprise as findings similar to this are what led to the research study that 
is presented in this thesis.   
 Indirect tensile strength values, on the other hand, were able to distinguish good and poor 
performing mixtures.  The results consistently showed that good materials were stronger 
in both unconditioned and moisture conditioned states as compared to their poor 
performing counterparts.  While this finding is promising, it should be understood that 
this trend may be caused by stiffer binder grades that the good performing mixtures 
contained.   
 Similar to indirect tensile strength results, disk-shaped compact tension results did not 
show significant distinction between the good and poor materials used in this study.  
Looking at fracture energy results, minor differences were seen between the 
unconditioned and freeze-thaw conditioned specimens.  Consequently, the change in 
performance after conditioning was minimal for both sets of materials.  At this point, it is 
unclear whether this is due to the materials being unaffected by the conditioning scheme 




 Results obtained from dynamic modulus paired with moisture induced stress tester 
conditioning were promising considering the main goal of this research.  Looking at the 
ratio of dynamic modulus values after conditioning, the good performing material was 
clearly and consistently retaining more of its initial stiffness compared to both poor 
performing materials.  Looking at phase angle results, similar differences were observed 
where the poor materials experienced substantially higher increases in phase angle after 
conditioning as compared to the good material. 
 After conditioning, the materials consistently experienced a reduction in modulus and 
increase in phase angle from dynamic modulus testing.  This suggests that the material is 
behaving in a softer, more viscous manner.  This trend indicates that moisture susceptible 
materials may be particularly prone to rutting problems after being exposed to moisture-
induced damage.   
 Dynamic modulus results were also somewhat able to distinguish the effect of treatments 
to improve moisture resistance in the materials.  Dynamic modulus ratios from two 
mixtures with and without an anti-strip additive were compared across a wide range of 
frequencies.  While the material with the anti-strip additive consistently retained more of 
its initial stiffness, the difference was similar to typical test variability.  No significant 
differences were observed between the two mixtures when comparing the increase in 
phase angle. 
 Saturated aging tensile stiffness results were very similar to dynamic modulus results 
overall.  The test was able to clearly distinguish the good and poor performing materials 
in terms of their respective retained stiffness values.  In addition, a small difference in 
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retained stiffness was observed in the materials with and without anti-strip additives was 
observed, but the difference was too small to make any strong conclusions.   
 Hamburg wheel tracking test results were very promising considering the main goals of 
this study.  Whether traditional or TTI analysis was used to determine suitable moisture 
stripping performance parameter, clear and consistent differences were observed between 
poor and good performing materials.  In many cases, the good materials never reached 
failure during the entire Hamburg test while most, if not all, of the poor materials failed.  
The average results among the different material groups also support these conclusions.  
In addition to these observations, Hamburg results were also able to clearly identify the 
effect of both moisture treatments used in this study.  When comparing the two sets of 
mixtures with and without anti-strip additives, the material with anti-strip additives 
performed better with respect to every measured result.  When comparing traditional and 
TTI Hamburg analysis, both methods were able to distinguish good and poor materials.  
In general, the TTI analysis showed larger differences in results (in terms of magnitude) 
but this difference was not substantial.  Luckily, both analysis methods can be conducted 
on the same test results, allowing both to be analyzed for the same materials.  
 Overall, the results presented in this research suggest that dynamic modulus, SATS, and 
the Hamburg wheel tracker hold promise as moisture susceptibility tests during mixture 
design for agencies in New England.  When considering their ability to distinguish the 
effect of treatments and practical limitations, the Hamburg wheel tracker hold the most 
promise out of these three tests.  Results from the Hamburg consistently showed the clear 
distinction between good and poor materials as well as materials with and without 
moisture treatments.  In addition to this, the equipment required to conduct the Hamburg 
104 
 
test is cheaper, less complicated to understand and operate, and more readily available for 
agencies in New England. 
 Results from pavement analysis using PavementME showed that moisture-induced 
damage can have significant impacts on pavement life.  For all three distresses measured, 
simulations with moisture-conditioned material properties were predicted to have 
consistently shorter lives.  Out of the three distresses, rutting was the most sensitive to 
moisture-induced damage where some materials could experience a reduction in life of 
more than 50 percent after moisture conditioning.   
 PavementME results also emphasized the importance of moisture susceptibility on 
material selection choices when designing pavements.  PavementME results showed that 
materials with high amounts of moisture susceptibility experienced significantly more 
reduction in life due to moisture-induced damage compared to good performing 
materials.  In some cases, this reduction in life was more than three times larger than the 
good materials.  These emphasize the importance of using moisture resistant materials in 
wet weather climates as moisture-induced damage can have a significant impact on the 




4.3 Recommendations for Future Work 
While the research presented in this thesis provides a starting point for determining an 
effective replacement for current moisture susceptibility testing in New England, further work is 
needed to gain a comprehensive understanding of the problem.  Considering that the Hamburg 
wheel tracker will likely be recommended as the most promising procedure, verification work 
would be needed.  Specifically, the connection between laboratory results and field performance 
seen in this research would need to be confirmed.  One of the weaknesses with this research was 
that all of the mixtures were categorized by subjective ratings.  Ideally, Hamburg results could be 
compared to quantitative field results (such as a measured amount of surface raveling) to confirm 
the findings of this research as well as ensure the laboratory results do not produce false positive 
results.  Such a verification would provide more confidence in the recommendations of this 
research for the agencies considering adopting the Hamburg test.  
Another topic worth exploring further would be the effects of additives and how 
effectively the various tests can distinguish their effects.  Due to practical limitations, only two 
sets of mixtures were able to be sampled where the effects of additives can be directly analyzed.  
While this provides useful data, the additives used in this study provide a very limited look at 
their effects.  To verify the effectiveness of various tests ability to distinguish the effects of 
additives, much more additive types and dosages used in multiple mixtures would be needed.   
Results from the pavement analysis portions of this research provided a promising insight 
into the potential effects of moisture-induced damage on pavement service life and performance 
through increases in structural distresses.  This process could be greatly expanded and modified 
to simulate the effects of moisture-induced damage more accurately.  One way to do this would 
be to simulate moisture-induced damage occurring over a period of time rather than at the time 
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of construction.  Moisture-induced damage, like many phenomena in asphalt materials, occurs 
gradually over time.  Simulating these effects as if they occur immediately after construction are 
likely over predicting the amount of distresses in a worst case scenario.  Varying the properties 
over a period of time is more representative of actual field damage and will likely give a more 
realistic prediction of distress formation.  
Another way to improve the pavement performance prediction is with the inclusion of 
additional asphalt material properties.  Specifically, changes in phase angle should be included in 
the pavement analysis.  The results from dynamic modulus testing showed that moisture 
conditioning can have significant effects on phase angle, especially for moisture susceptible 
materials.  Considering that rutting was the most critical distress after moisture conditioning 
when only changes in stiffness were analyzed, increases in phase angle would further contribute 
to the increases in rutting and paint a more realistic picture of how moisture-induced damage 
impacts pavements. 
One of the most significant limitations of using current pavement analysis tools with 
respect to moisture susceptibility is that there are no standard methods to measure the amounts of 
raveling on a pavement surface.  While predicting the distresses due to moisture-induced 
material property changes is useful, it is more likely that pavements exposed to moisture-induced 
damage will fail from raveling before structural distress failure.  To solve this, research would be 
needed to investigate the most reliable and repeatable methods to quantitatively measure in-situ 
raveling amounts as well as ways to predict this in a structural model with typical pavement 
inputs such as traffic loading, temperature, rainfall amounts, etc.  While this is an ambitious 
research goal which would require multiple projects to be fully realized, ultimately this would 
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provide a much more reliable means of predicting the consequences of moisture-induced damage 
on pavements. 
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Appendix A: Mix Designs and Volumetrics 
The following section contains the mix design sheets for the ten mixtures used in this study 
as well as some additional volumetric information. 
 





































































Figure 59: Maine Mixture Gradation Chart 
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Appendix B: Indirect Tensile Strength (ITS) Specimen Data 
The following section contains individual specimen data from the ITS testing.  This includes the 
specimen I.D., conditioning method, peak load during the test, dimensions, and air voids. 

















ITSU-6 Unconditioned 19 95 150 7.5 848.8 
ITSU-7 Unconditioned 18.4 95 150 7.5 822.0 
ITSU-12 Unconditioned 18.3 95 150 7.5 817.6 
ITS-14 T283 17.1 95 150 7.44 763.9 
ITS-15 T283 17.1 95 150 7.14 763.9 
ITS-16 T283 17.3 95 150 7.17 772.9 
WPI-10 MIST 16.2 95 150 6.9 723.7 
WPI-11 MIST 15.5 95 150 6.5 692.5 
WPI-12 MIST 18.6 95 150 6.3 831.0 
 
 

















ITSU-7 Unconditioned 12.2 95 150 7.09 545.0 
ITSU-8 Unconditioned 12.6 95 150 7.02 562.9 
ITSU-9 Unconditioned 12.3 95 150 7.01 549.5 
ITS-10 T283 10.7 95 150 7.12 478.0 
ITS-11 T283 10.6 95 150 7.3 473.6 
ITS-12 T283 11.1 95 150 7.04 495.9 
WPI-10 MIST 11.4 95 150 6.6 509.3 
WPI-11 MIST 11.6 95 150 6.5 518.2 























ITSU-3 Unconditioned 11.5 95 150 6.96 513.8 
ITSU-4 Unconditioned 12.5 95 150 6.91 558.4 
ITSU-5 Unconditioned 11 95 150 6.93 491.4 
ITS-1 T283 11.1 95 150 7.13 495.9 
ITS-2 T283 10.5 95 150 7.15 469.1 
ITS-6 T283 9.3 95 150 6.9 415.5 
WPI-10 MIST 11.6 95 150 6.8 518.2 
WPI-11 MIST 10.5 95 150 6.7 469.1 
WPI-12 MIST 10.3 95 150 7.3 460.2 
 
 

















ITSU-8 Unconditioned 11.6 95 150 7.34 518.2 
ITSU-9 Unconditioned 11.5 95 150 7.31 513.8 
ITSU-10 Unconditioned 11.6 95 150 7.33 518.2 
ITS-2 T283 11.9 95 150 7.3 531.6 
ITS-11 T283 12 95 150 7.2 536.1 
ITS-12 T283 12.4 95 150 7.2 554.0 
ITS-1 MIST 10.8 95 150 6.8 482.5 
ITS-14 MIST 11.6 95 150 7.3 518.2 






















ITSU-8 Unconditioned 11.4 95 150 6.94 509.3 
ITSU-9 Unconditioned 12.3 95 150 7.04 549.5 
ITSU-11 Unconditioned 12.6 95 150 6.97 562.9 
ITS-6 T283 11.1 95 150 6.73 495.9 
ITS-7 T283 10.2 95 150 7.48 455.7 
ITS-10 T283 11.2 95 150 6.83 500.4 
ITS-12 MIST 11.2 95 150 7.2 500.4 
ITS-13 MIST 11.3 95 150 6.7 504.8 
ITS-14 MIST 11.5 95 150 6.9 513.8 
 
 

















ITSU-8 Unconditioned 11.9 95 150 7.06 531.6 
ITSU-9 Unconditioned 13.7 95 150 7.08 612.0 
ITSU-10 Unconditioned 13.9 95 150 7.06 621.0 
ITS-5 T283 11.5 95 150 7.2 513.8 
ITS-6 T283 12.4 95 150 7.13 554.0 
ITS-12 T283 12.4 95 150 7.12 554.0 
ITS-3 MIST 12.4 95 150 6.6 554.0 
ITS-10 MIST 12.9 95 150 7.3 576.3 























ITS-1 Unconditioned 8.2 95 150 7.19 366.3 
ITS-8 Unconditioned 9.2 95 150 7.01 411.0 
ITS-11 Unconditioned 9.7 95 150 6.89 433.3 
ITS-2 T283 7.9 95 150 7.25 352.9 
ITS-9 T283 7.3 95 150 7.04 326.1 
ITS-12 T283 9.5 95 150 6.71 424.4 
ITS-7 MIST 7.1 95 150 7 317.2 
ITS-10 MIST 7.3 95 150 6.9 326.1 
ITS-13 MIST 7.9 95 150 6.9 352.9 
 
 

















ITS-4 Unconditioned 9.3 95 150 6.9 415.5 
ITS-5 Unconditioned 9.9 95 150 6.9 442.3 
ITS-6 Unconditioned 10.1 95 150 6.8 451.2 
ITS-1 T283 6.7 95 150 7.5 299.3 
ITS-2 T283 7.5 95 150 7.4 335.1 
ITS-3 T283 7.8 95 150 7.1 348.5 
ITS-6 MIST 7 95 150 6.9 312.7 
ITS-7 MIST 6.4 95 150 7.2 285.9 























ITS-10 Unconditioned 17.5 95 150 6.83 781.8 
ITS-11 Unconditioned 18.6 95 150 7.04 831.0 
ITS-12 Unconditioned 18.7 95 150 6.84 835.4 
ITS-2 T283 13.4 95 150 7.05 598.6 
ITS-8 T283 12.7 95 150 7.07 567.4 
ITS-9 T283 12.8 95 150 6.97 571.8 
ITS-13 MIST 14.4 95 150 6.9 643.3 
ITS-14 MIST 13.4 95 150 6.7 598.6 
ITS-15 MIST 14.6 95 150 6.6 652.3 
 
 

















ITS-2 Unconditioned 19.7 95 150 5.6 880.1 
ITS-5 Unconditioned 19.3 95 150 6.2 862.2 
ITS-8 Unconditioned 18.8 95 150 6.1 839.9 
ITS-3 T283 16.8 95 150 5.9 750.5 
ITS-4 T283 16.6 95 150 6 741.6 
ITS-9 T283 16.1 95 150 6 719.3 
ITS-1 MIST 15.9 95 150 6.2 710.3 
ITS-6 MIST 16.2 95 150 5.8 723.7 





Appendix C: Dynamic Modulus Specimen Data 
The following section contains the calculated dynamic modulus and phase angle values at 
the various temperatures and frequencies the test is run at.  These data points were shifted to 
produce the master curves shown in the results chapter. 
Table 26: VTG1 Unconditioned Dynamic Modulus and Phase Angle Data at 4.4° C 
  VTG1 Unconditioned 4.4° C 
  25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 13710 12270 11215 8744 7817 5729 
2 13386 12437 11372 8831 7814 5617 
3 12838 11536 10577 8325 7447 5377 
Average 13311.33 12081.00 11054.67 8633.33 7692.67 5574.33 
  Phase Angle (Degrees) 
1 12 11.2 12.8 16 17.2 21.2 
2 9 12.4 14 16.2 18 22.6 
3 13 12 13.2 15.8 17.4 22.8 
Average 11.33 11.87 13.33 16.00 17.53 22.20 
 
 
Table 27: VTG1 Unconditioned Dynamic Modulus and Phase Angle Data at 21.1° C 
 
VTG1 Unconditioned 21.1° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 5863 4619 3819 2309 1835 1059 
2 5541 4375 3621 2196 1768 1017 
3 5868 4704 3895 2375 1882 1093 
Average 5757.33 4566.00 3778.33 2293.33 1828.33 1056.33 
  Phase Angle (Degrees) 
1 27 26.6 28.4 31.2 31.8 33.6 
2 27 26 27.6 30.6 32.2 33.6 
3 18 25.4 27 29.8 30.8 32.2 





Table 28: VTG1 Unconditioned Dynamic Modulus and Phase Angle Data at 37.8° C 
  
VTG1 Unconditioned 37.8° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 2208.00 1733.00 1432.00 880.00 736.00 508.00 
2 1636.00 1197.00 947.00 578.00 493.00 351.00 
3 1664.00 1211 960.00 589.00 501.00 361.00 
Average 1836.00 1380.33 1113.00 682.33 576.67 406.67 
  Phase Angle (Degrees) 
1 36.00 31.00 27.00 26.00 23.00 17.00 
2 36.00 36.00 34.20 30.40 27.80 24.80 
3 36.00 35.20 33.80 30.00 26.40 25.00 
Average 36.00 34.07 31.67 28.80 25.73 22.27 
 
 
Table 29: VTG1 MiST Conditioned Dynamic Modulus and Phase Angle Data at 4.4° C 
  VTG1 MiST 4.4° C 
  25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 14864 13285 12109 9495 8347 5906 
2 11789 10450 9438 7145 6264 4366 
3 11039 9783 8893 6738 5887 4072 
Average 12564.00 11172.67 10146.67 7792.67 6832.67 4781.33 
  Phase Angle (Degrees) 
1 9 12.4 13.6 16.2 17 22.6 
2 18 13.6 14.8 17.2 19.4 24 
3 10 14 15 19.2 20.4 25.2 





Table 30: VTG1 MiST Conditioned Dynamic Modulus and Phase Angle Data at 21.1° C 
  
  
VTG1 MiST 21.1° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 4734 3716 3045 1818 1443 826 
2 5159 4024 3289 1927 1532 875 
3 4478 3478 2811 1633 1295 731 
Average 4790.33 3739.33 3048.33 1792.67 1423.33 810.67 
  Phase Angle (Degrees) 
1 24.5 27.4 28.2 31.8 31.8 32.6 
2 27 27.8 28.8 32.4 31.8 33 
3             
Average 25.75 27.60 28.50 32.10 31.80 32.80 
 
 
Table 31: VTG1 MiST Conditioned Dynamic Modulus and Phase Angle Data at 37.8° C 
  
VTG1 MiST 37.8° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 1657.00 1180.00 917.00 548.00 462.00 331.00 
2 1368.00 978.00 754.00 451.00 377.00 270.00 
3 1398.00 999 769.00 461.00 385.00 274.00 
Average 1474.33 1052.33 813.33 486.67 408.00 291.67 
  Phase Angle (Degrees) 
1 36.00 34.60 32.80 28.60 25.80 22.20 
2 36.00 34.40 32.80 28.20 25.20 22.20 
3 36.00 35.00 33.00 28.40 25.20 21.80 





Table 32: VTP1 Unconditioned Dynamic Modulus and Phase Angle Data at 4.4° C 
  VTP1 Unconditioned 4.4° C 
  25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 13627 12117 10943 8248 7168 4832 
2 11863 10505 9488 7076 6218 4167 
3 11989 10593 9533 7167 6150 4157 
Average 12493.00 11071.67 9988.00 7497.00 6512.00 4385.33 
  Phase Angle (Degrees) 
1 9 12.6 14.4 17.4 20.4 25.2 
2 9 13.2 14.6 17.8 20 25.8 
3 9 14 15.8 19.4 21 27.6 
Average 9.00 13.27 14.93 18.20 20.47 26.20 
 
 
Table 33: VTP1 Unconditioned Dynamic Modulus and Phase Angle Data at 21.1° C 
  
  
VTP1 Unconditioned 21.1° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 4646 3552 2836 1542 1163 618 
2 4229 3215 2558 1409 1083 578 
3 4223 3226 2585 1406 1070 596 
Average 4366.00 3331.00 2659.67 1452.33 1105.33 597.33 
  Phase Angle (Degrees) 
1 27 29.6 31.2 35.6 34.8 34.4 
2 28.5 31 32.8 36 35.8 35.8 
3 27 31.2 32.8 36.4 36.4 35.6 





Table 34: VTP1 Unconditioned Dynamic Modulus and Phase Angle Data at 37.8° C 
  
  
VTP1 Unconditioned 37.8° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 1124.00 752.00 553.00 307.00 248.00 173.00 
2 1126.00 760.00 565.00 317.00 260.00 181.00 
3 1172.00 782 580.00 314.00 256.00 175.00 
Average 1140.67 764.67 566.00 312.67 254.67 176.33 
  Phase Angle (Degrees) 
1 41.50 38.80 36.60 31.40 27.60 24.00 
2 39.00 37.80 35.60 29.60 27.40 22.80 
3 37.50 38.60 36.60 31.60 28.00 24.00 
Average 39.33 38.40 36.27 30.87 27.67 23.60 
 
 
Table 35: VTP1 MiST Conditioned Dynamic Modulus and Phase Angle Data at 4.4° C 
  VTP1 MiST 4.4° C 
  25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 9933 8710 7766 5641 4812 3056 
2 9140 7966 7061 5080 4307 2733 
3 10288 8982 8002 5748 4846 3063 
Average 9787.00 8552.67 7609.67 5489.67 4655.00 2950.67 
  Phase Angle (Degrees) 
1 9 16.8 18.4 22 25 31 
2 9 15.6 17.4 21.6 24 30 
3 9 15.6 18.2 21.6 24.4 30.6 





Table 36: VTP1 MiST Conditioned Dynamic Modulus and Phase Angle Data at 21.1° C 
  
  
VTP1 MiST 21.1° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 3281 2426 1872 968 719 359 
2 3006 2228 1734 902 669 340 
3 3514 2567 1981 1012 751 380 
Average 3267.00 2407.00 1862.33 960.67 713.00 359.67 
  Phase Angle (Degrees) 
1 33.5 33.4 35.6 37.2 37.2 36.6 
2 36 34 35.8 38.6 38.4 37.2 
3 36 34.2 36.6 38 37.6 35.6 
Average 35.17 33.87 36.00 37.93 37.73 36.47 
 
 
Table 37: VTP1 MiST Conditioned Dynamic Modulus and Phase Angle Data at 37.8° C 
  
  
VTP1 MiST 37.8° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 674.00 435.00 319.00 173.00 142.00 100.00 
2             
3 792.00 516 378.00 208.00 169.00 120.00 
Average 733.00 475.50 348.50 190.50 155.50 110.00 
  Phase Angle (Degrees) 
1 42.50 40.00 37.80 30.20 26.60 22.80 
2             
3 36.00 39.60 36.80 29.60 26.20 19.80 





Table 38: VTP2 Unconditioned Dynamic Modulus and Phase Angle Data at 4.4° C 
  VTP2 Unconditioned 4.4° C 
  25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 11930 10541 9530 7015 6072 4017 
2 12499 10965 9851 7334 6376 4246 
3 12222 10801 9647 7153 6033 3947 
Average 12217.00 10769.00 9676.00 7167.33 6160.33 4070.00 
  Phase Angle (Degrees) 
1 18 14 15.8 19 21.4 27.6 
2 9 14 15.4 18.4 21.2 28.2 
3 13.5 14.2 16.4 20.2 22 29.2 
Average 13.50 14.07 15.87 19.20 21.53 28.33 
 
 
Table 39: VTP2 Unconditioned Dynamic Modulus and Phase Angle Data at 21.1° C 
  
  
VTP2 Unconditioned 21.1° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 3807 2864 2263 1216 924 484 
2 4852 3704 2923 1553 1173 616 
3 4257 3192 2503 1322 996 519 
Average 4305.33 3253.33 2563.00 1363.67 1031.00 539.67 
  Phase Angle (Degrees) 
1 35 32.2 34.2 37.2 37.8 36.4 
2 27 31.4 33.8 37.4 37.2 36.6 
3 34 33 34.6 38.4 37.6 36.6 





Table 40: VTP2 Unconditioned Dynamic Modulus and Phase Angle Data at 37.8° C 
  
  
VTP2 Unconditioned 37.8° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 944.00 632.00 466.00 255.00 211.00 147.00 
2 1108.00 738.00 542.00 299.00 243.00 168.00 
3 1131.00 752 551.00 302.00 245.00 169.00 
Average 1061.00 707.33 519.67 285.33 233.00 161.33 
  Phase Angle (Degrees) 
1 36.50 38.00 36.60 30.20 26.80 23.40 
2 42.00 38.80 36.60 30.00 26.60 24.90 
3 36.00 37.60 35.60 29.60 26.40 20.80 
Average 38.17 38.13 36.27 29.93 26.60 23.03 
 
 
Table 41: VTP2 MiST Conditioned Dynamic Modulus and Phase Angle Data at 4.4° C 
  VTP2 MiST 4.4° C 
  25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 9215 7955 7045 5023 4293 2693 
2 8954 7757 6859 4867 4084 2523 
3 10246 8941 7949 5712 4827 3016 
Average 9471.67 8217.67 7284.33 5200.67 4401.33 2744.00 
  Phase Angle (Degrees) 
1 10.5 16.2 18 21.6 24 31 
2 12 17.2 19.8 24.6 26.4 32.4 
3 18 16 17.4 21.8 24.8 31.6 





Table 42: VTP2 MiST Conditioned Dynamic Modulus and Phase Angle Data at 21.1° C 
  
  
VTP2 MiST 21.1° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 2785 2023 1557 790 588 296 
2 2699 1967 1522 772 584 297 
3 3064 2241 1715 861 635 316 
Average 2849.33 2077.00 1598.00 807.67 602.33 303.00 
  Phase Angle (Degrees) 
1 27 35 36.6 39.6 39 37 
2 36 35.4 37.6 39.4 38.4 36.4 
3 28.5 35.4 37.6 39.6 39.4 37.4 
Average 30.50 35.27 37.27 39.53 38.93 36.93 
 
 
Table 43: VTP2 MiST Conditioned Dynamic Modulus and Phase Angle Data at 37.8° C 
  
  
VTP2 MiST 37.8° C 
25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 
Specimen Dynamic Modulus (MPa) 
1 600.00 392.00 290.00 158.00 130.00 68.00 
2 578.00 378.00 279.00 156.00 129.00 85.00 
3 597.00 390 286.00 161.00 134.00 94.00 
Average 591.67 386.67 285.00 158.33 131.00 82.33 
  Phase Angle (Degrees) 
1 45.00 39.20 37.20 29.40 27.20 22.80 
2 45.00 39.80 37.40 30.20 27.40 26.50 
3 41.00 39.60 37.00 28.80 25.40 22.00 





Appendix D: Pavement Analysis Inputs 
The following section contains the inputs used in PavementME to perform pavement 
analysis simulations.  Anything that is not specifically listed in this section was not changed from 
the default setting in the program.  PavementME Version 2.3.1 was used in this research. 
 






2 Way AADT 3000 8000 













Default Values Default Values 
Axle 
Configuration 
Default Values Default Values 
Lateral Wander Default Values Default Values 
Wheelbase 
Dimensions 


















Thick Pavement  
Structure 








Air Voids (%) 7 
Density (lb/ft^3) 150 
Poissons's Ratio 0.35 
Binder Level 1 Input: See Table 46 
Creep Compliance Default Level 3 Input 
Dynamic Modulus 
Level 1 Input: 
Lab Measured Properties 




Thickness (in) 6 12 






Resilient Modulus (psi) 30000 
Poisson's Ratio 0.35 
Gradation Properties A-1-a 
        
Subgrade 
Thickness (in) Semi-Infinite 






Resilient Modulus (psi) 16500 





Table 46: PavementME Binder Property Inputs 














136.4 1320 80  158 1320 80 
147.2 663 84  168.8 663 84 





Appendix E: Disk-Shaped Compact Tension (DCT) Specimen Data 
The following section contains individual specimen data from the DCT testing.  This includes the 
specimen I.D., conditioning method, dimensions, air voids, and calculated fracture energy. 
 
















DCT 1.1 Freeze-Thaw 6.6 80.7 49.2 777.9 
DCT 3.2 Freeze-Thaw 6.7 81.8 50.3 743.1 
DCT 4.2 Freeze-Thaw 6.9 82.0 50.3 496.2 
DCT 2.1 Unconditioned 6.5 81.9 49.7 523.0 
DCT 3.1 Unconditioned 7.0 81.8 48.7 515.8 
DCT 4.1 Unconditioned 6.8 82.5 49.9 620.1 
 
 















DCT 1.2 Freeze-Thaw 6.9 82.3 50.8 640.1 
DCT 2.2 Freeze-Thaw 7.5 81.4 49.0 546.4 
DCT 3.1 Freeze-Thaw 7.4 82.7 49.0 431.6 
DCT 1.1 Unconditioned 7.2 82.7 48.9 511.8 
DCT 2.1 Unconditioned 7.0 81.0 49.9 Pre-Test Crack 
DCT 3.2 Unconditioned 7.1 80.2 50.8 576.3 
 
 















DCT 1.2 Freeze-Thaw 7.3 81.6 51.3 679.6 
DCT 3.1 Freeze-Thaw 6.8 80.6 49.1 602.4 
DCT 4.2 Freeze-Thaw 7.0 80.8 50.3 650 
DCT 1.1 Unconditioned 6.9 80.8 50.5 651.6 
DCT 2.1 Unconditioned 7.0 83.1 49.3 650.3 



















DCT 4.2 Freeze-Thaw 6.6 81.6 50.0 556.7 
DCT 5.1 Freeze-Thaw 7.1 81.6 48.3 722.9 
DCT 7.1 Freeze-Thaw 6.9 81.8 49.1 668.1 
DCT 5.2 Unconditioned 7.4 80.8 50.4 637.4 
DCT 6.1 Unconditioned 7.2 83.1 49.2 Pre-Test Crack 
DCT 6.2 Unconditioned 7.5 80.8 49.7 634.2 
 
 















DCT 1.1 Freeze-Thaw 6.7 82.2 49.5 626.4 
DCT 2.2 Freeze-Thaw 7.1 82.4 49.1 585.3 
DCT 4.2 Freeze-Thaw 7.0 82.3 49.5 493.7 
DCT 2.1 Unconditioned 7.3 81.3 49.9 563.9 
DCT 3.1 Unconditioned 7.2 81.1 49.7 426.1 





Appendix F: Hamburg Wheel Tracker Individual Specimen Results 
The following section contains individual specimen results from Hamburg testing.  Results 
from both traditional analysis and TTI analysis are included.  It should be noted that the average 
passes to failure and stripping inflection point results in Chapter 3 are not arithmetic averages of 
the results in Table 52.  A spreadsheet containing an algorithm which uses weighting factors was 
used to find the average values. 
 










 (mm/1K pass) 
Avg. Stripping 
 Slope 
 (mm/1K pass) 
VTG1 
Left 7.0 No Failure None 
0.3 0.33 
Right 7.2 No Failure None 
VTP1 
Left 6.9 No Failure None 
0.26 0.89 
Right 7.2 No Failure 16467 
VTP2 
Left 7.1 18448 14739 
0.31 1.7 
Right 7.2 15366 12488 
MEG1 
Left 7.1 No Failure None 
0.33 0.77 
Right 7.4 18680 None 
MEP1 
Left 7.1 19810 14984 
0.45 1.17 
Right 7.3 13324 None 
MEP2 
Left 6.8 No Failure None 
0.37 0.43 
Right 7.1 No Failure None 
MEP3 
Left 7.0 11650 9781 
0.25 4.38 
Right 7.2 13230 11761 
MEP4 
Left 7.2 No Failure 15941 
0.22 0.66 
Right 7.3 No Failure None 
CTP1 
Left 6.7 No Failure None 
0.21 0.38 
Right 6.8 No Failure None 
NHG1 
Left 6.8 No Failure None 
0.11 0.08 





For the TTI analysis results, the values reported in Chapter 3 are arithmetic averages of the 
individual results.  For specimens that did not experience a stripping number or reach the 
stripping life, values of 25,000 passes were used for the calculations of the mixture average. 
Table 53: TTI Hamburg Analysis Results 






Left 7 None No Failure 
Right 7.2 None No Failure 
VTP1 
Left 6.89 8078 20775 
Right 7.22 8126 18843 
VTP2 
Left 7.13 6948 17013 
Right 7.2 6609 14415 
MEG1 
Left 7.08 None No Failure 
Right 7.44 7829 16691 
MEP1 
Left 7.1 7914 12543 
Right 7.3 4720 12190 
MEP2 
Left 6.8 None No Failure 
Right 7.1 None No Failure 
MEP3 
Left 7 3439 10668 
Right 7.2 4948 12570 
MEP4 
Left 7.15 7706 20157 
Right 7.33 None No Failure 
CTP1 
Left 6.7 8987 27124 
Right 6.8 None No Failure 
NHG1 
Left 6.8 None No Failure 




Appendix G: Saturated Aging Tensile Stiffness (SATS) Individual Specimen Results 
The following section contains individual specimen data from the SATS testing.  This includes 
specimen volumetrics, saturation levels before and after conditioning, stiffness measurements before and after 
conditioning, and the retained stiffness values. 
 
Table 54: VTG1 SATS Pre-Conditioning Volumetrics and Saturation 
 Mix Sample Internal Name Gmb Gmm Dry Mass (g) SSD Mass (g) % Saturation 
VTG1 
17-3605 A 2.360 2.553 1085.3 1096.9 33.4 
17-3606 B 2.374 2.553 1103.9 1114.5 32.6 
17-3607 C 2.364 2.553 1077.2 1088.3 33.0 
17-3608 D 2.356 2.553 1101 1112.3 31.4 
17-3609 E 2.390 2.553 1109.7 1120 34.8 
 
 
Table 55: VTP1 SATS Pre-Conditioning Volumetrics and Saturation 
 Mix Sample Internal Name Gmb Gmm Dry Mass (g) SSD Mass (g) % Saturation 
VTP1 
17-3610 A 2.284 2.452 1053.1 1062.8 30.8 
17-3611 B 2.273 2.452 1049.8 1060.5 31.6 
17-3612 C 2.278 2.452 1049.4 1059.9 32.2 
17-3613 D 2.279 2.452 1057.4 1067.9 32.1 
17-3614 E 2.287 2.452 1071.9 1082.2 32.6 
 
 
Table 56: VTP2 SATS Pre-Conditioning Volumetrics and Saturation 
 Mix Sample Internal Name Gmb Gmm Dry Mass (g) SSD Mass (g) % Saturation 
VTP2 
17-3615 A 2.256 2.452 1055 1066.8 31.6 
17-3616 B 2.263 2.452 1051.2 1062.8 32.5 
17-3617 C 2.260 2.452 1066.1 1077.4 30.6 
17-3618 D 2.269 2.452 1045.4 1057.4 34.8 





Table 57: VTG1 SATS Post-Conditioning Volumetrics and Saturation 
 Mix Sample Internal Name Gmb Gmm Dry Mass (g) SSD Mass (g) % Saturation 
VTG1 
17-3605 A 2.360 2.553 1085.3 1096.1 31.1 
17-3606 B 2.374 2.553 1103.9 1113.5 29.5 
17-3607 C 2.364 2.553 1077.2 1086.1 26.4 
17-3608 D 2.356 2.553 1101 1109 22.2 
17-3609 E 2.390 2.553 1109.7 1136.6 91.0 
 
 
Table 58: VTP1 SATS Post-Conditioning Volumetrics and Saturation 
 Mix Sample Internal Name Gmb Gmm Dry Mass (g) SSD Mass (g) % Saturation 
VTP1 
17-3610 A 2.284 2.452 1053.1 1063.7 33.6 
17-3611 B 2.273 2.452 1049.8 1060.9 32.8 
17-3612 C 2.278 2.452 1049.4 1059 29.4 
17-3613 D 2.279 2.452 1057.4 1067.3 30.3 
17-3614 E 2.287 2.452 1071.9 1100.7 91.2 
 
 
Table 59: VTP2 SATS Post-Conditioning Volumetrics and Saturation 
 Mix Sample Internal Name Gmb Gmm Dry Mass (g) SSD Mass (g) % Saturation 
VTP2 
17-3615 A 2.256 2.452 1055 1067.3 33.0 
17-3616 B 2.263 2.452 1051.2 1062.5 31.6 
17-3617 C 2.260 2.452 1066.1 1076.4 27.8 
17-3618 D 2.269 2.452 1045.4 1056 30.7 






















17-3605 20 1606 1301 31.1 0.81 
17-3606 20 1570 1406 29.5 0.90 
17-3607 20 1655 1522 26.4 0.92 
17-3608 20 1776 1633 22.2 0.92 
17-3609 20 1870 1635 91.0 0.87 
 
 

















17-3610 10 3928 2423 33.6 0.62 
17-3611 10 3546 2139 32.8 0.60 
17-3612 10 3582 2191 29.4 0.61 
17-3613 10 3781 2083 30.3 0.55 
17-3614 10 3755 1987 91.2 0.53 
 
 

















17-3615 10 3495 1973 33.0 0.56 
17-3616 10 3434 1904 31.6 0.55 
17-3617 10 3470 1641 27.8 0.47 
17-3618 10 3723 2287 30.7 0.61 
17-3619 10 3471 1563 81.2 0.45 
 
